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ABSTRACT

Condensation of R-113 was studied using an evaporator/condenser test platform.
The condenser section contained four horizontal tubes (nominal outer diameter 15.9
mm) forming a vertical in-line column with a pitch-to-diameter ratio of 2.25 and a con-
densing length of 1.2 m. The condenser tubes could be operated either individually (ie.
as a single tube apparatus) or as a small tube bundle. This allowed investigation of the
effects of condensate inundation on different types of condenser tubes. Tubes tested were
smooth copper tubes, copper,/nickel KORODENSE roped tubes, KORODENSE tubes
wrapped with wire, and copper’/nickel finned tubes (26 fpi). The outside heat transfer
coefficient, h,, was calculated by experimentally determining the overall heat transfer
coeflicient, U, , and then using a modified Wilson Plot procedure. Great care was taken
to ensure the results were not vitiated by the presence of noncondensibles.

Results obtained with the smooth copper tubes are in agreement with published data
and verify satisfactory operation of the test platform. Furthermore, problems associated
with the apparatus encountered by previous workers were successfully overcome. In
comparison to the top smooth tubes, the copper/nickel top KORODENSE tube yielded
about a 22% increase in &, When different diameters of wire were wrapped around the
copper/nickel KORODENSE tubes, an optimum pitch-to-wire diameter of 7 was found
yielding almost a 90% increase in A,, compared to the top smooth tube. This marked
increase is presumably due to surface tension effects thinning the condensate film. The
copper,/nickel finned tubes gave the best enhancement (approximately a 7 fold increase).
Comparison of the data obtained from the top copper, nickel finned tubes agreed well
with the model of Beatty and Katz.

The effect of condensate inundation was to reduce A, for the lower tubes compared
to the top tube in the bundle. Comparison of A, for the second tube comparéd to the top
tube showed that the effects of condensatc inundation are reduced most by wrapping the
KORODENSE tubes with fine wire.
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NOMENCLATURE

Standard Symbols

A
b
Cs
C

?

o

S om0

=

VZE- T I R Ay

area, m?

fin spacing, m

parameter defined in Eq (2-11)

specific heat, J/kg K

diameter, m

fin height, m

gravitational acceleration, n/s?

heat transfer coeflicient, W/m?* K

heat transfer coefficient in flooded portion of finned tube, W/m?* K
heat transfer coeflcient in unflooded region of finned tube, W/m?* K
heat transfer coefficient for {ins in unflooded region, W/m? K
thermal conductivity, Wim K

length, m

average condensing length defined by Eq (2-4)

mass flow rate, kg/'s

number of tubes in a vertical column

Nusselt number

Prandtl number

heat transfer rate, W

heat flux, H/m?

radius, m

fouling resistance, K/W

wall resistance, K/W

Reynolds number

film Revnolds number

temperaturc, K

fin thickness, m

overall heat transfer coeflicient, W/m? K
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Greek Symbols

Subscripts

c

¢q

ef

f

fs

ft

i

)

r

sat

velocity, m/'s

tape thickness, m

fin efficiency

aspect ratio of condensate surface, Eq (2-13)
rotation angle normal to fin surface
dvnamic viscosity, kg'm s

density, kg/m?

surface tension, N/m

flooding angle defined in Eq (2-7)

coolant
equivalent
effective

film

fin sides

fin tips

inside or inlet
outside or outlet
root

saturation



I. INTRODUCTION

A. BACKGROUND

In the last few vears, budgetary considerations have led to a reduction in the funding
level available for new vessel construction for the US Navy. In construction of ships,
weight can often be equated to cost. This has led the Navy to look at various ways by
which the weight of auxiliary systems can be reduced.

Of particuiar interest to the Navy has been the issue of reduced weight and therefore
cost of refrigeration systems. Two major components of refrigeration systems are the
evaporator and condenser. If the weight of these two components can be reduced, then
the overall weight and presumably cost, can also be reduced.

Condenscr weight can be significantly reduced by the proper selection of materials
for condenser construction. A major weight savings comes from changing the material
which is used for construction of the condenscr tubes. As an example, the DDG-51 was
originally intended to have a refrigeration condenscr made of titanium finned tubes. This
would provide a substantial weight savings and a reduced cost (presumably). However,
the system was not installed on the current flight of ships. Rather, traditional
copper/nickel finned tubes were utilized for the refrigeration condenser.!

In re-designing refrigeration condensers, changes in condenser tube material based
solely on weight consideration should not be the only consideration. The reason for this
is that a lightweight material may not have heat transfer characteristics which are com-
parable to copper or even copper/nickel. Therefore, condenser tube designs have to be
devcloped to maintain or even enhance heat transfer or else the condenser will have to
be enlarged. This enlargement is necessary in order to provide the requisite surface arca
to maintain the required level of heat transfer.

Copper, nickel finned condenser tubes have been used in refrigeration condensers
onboard US Navy ships for many vears. [However, the use of titanium, as was planned
for the DDG-S1 class ships, holds the promise of providing substantial weight savings
(not to mention improved corrosion resistance on the tube side). Unfortunately,
titanium has a thermal conductivity which is substantially less than that of copper or

copper/nickel. The question which must therefore be addressed is whether titanium

1 According to Mr. John Goodhue, NAVSEA code SEA S6Y1S, the rcason the units were
not installed was that they could not be ready to support proposed construction dates for fhight onc.



condenser tubes can be constructed in such a manner as to maintain heat transfer (due
to enhancement) despite the lower value of thermal conductivity.

A major problem along these lines is how to measure the performance of various
types of condenser tubes. Tvpically, this is done with single tubes or small tube bundles.
These tubes tend to be relatively short. Often, the experimental apparatus bares little
resemblance to a shipboard condenser. Thus, any results become suspect when they are
extended to the real situation.

In order to examine heat transfer characteristics of various designs of condenser
tubes, the best means is to construct a test platform composed of an evaporator and
condenser with a size comparable to that of a shipboard syvstem. Unfortunately, this is
seldom feasible due to costs involved and the size of the plants. However, it is possible
to construct a reasonably large scale test platform in which tube performance can be
evaluated. This evaluation must include both single tube performance as well as tube
bundle operation. The reason for this is that condensate forming on one tube falls onto
lower tubes. This effect, known as condensate inundation, can result in decreased heat
transfer on lower tubes due to a thickening of the condensate layer. Hence, another
aspect which must be considered is whether condenser tube geometry can be changed in
such a manner as to reduce the adverse effects of condensate inundation. This could
help make up for decreased thermal conductivity associated with lightweight materials
such as titanium. '

The construction of a suitable condenser/evaporator test platform was begun at the
Naval Postgraduate School by Zcebrowski [Ref. 1]. The construction and initial operation
of the test platform was completed by Mabrey [Ref. 2] in 1988. Mabrey conducted ex-
periments using R-113 and R-114 on smooth copper tubes as well as copper/nickel
finned tubcs (26 fpi). During the course of his experiments, an orange-peel or dimpled
appearance was observed on the smooth copper tubes. Additionally, the copper/nickel
finned tubes showed a buildup of “material” between the fins. This material was believed
to be ice although this was not proved. The cause of the orange-peel appearance was
also never identified.

B. OBJECTIVES.

This thesis concentrates on the condenser section of the test platform with specific
intercst in the condensation of R-113. R-113 was chosen for this study because of
convienence , ie., it is a liquid at atmospheric pressure. The condenser section consists

of four horizontal tubes mounted in a vertical in-line column. The nominal diameter of




the tubes is 16 mm with a condensing length of 1.2 m. While the condensing medium
used in this study was R-113, the condensation of many different types of fluids can be
evaluated. In addition, the condenser can be used to study heat transfer on almost any
type of condenser tube subject to the nominal outer diameter and condensing length re-
strictions indicated.

The main objective of this thesis was to resolve the contamination problem found
by Mabrey [Ref. 2], and to make the test platform operational. It was felt that such a
system, once operational, could be used to study heat transfer using condenser tubes
made of various materials and geometries. In addition, since the tubes are arranged in
a vertical in-line column, the effect of condensate inundation could also be studied.

C. SPECIFIC OBJECTIVES
The specific objectives of this study were as follows:
1. Resolve the contamination problem reported by Mabrey [Ref. 2|

2. Establish bascline condensation data by examining the condensation of R-113 on
_smooth copper tubcs.

3. Examine the heat transfer characteristics of R-113 on various tube geometries

4. Investigate the effects of condensate inundation



II. LITERATURE SURVEY

A. INTRODUCTION

Condensation occurs when vapor molecules come into contact with a surface which
has a temperature below the vapor saturation temperature. This vapor, coming into
contact with the cooler surface, forms a liquid which can accumulate in two ways. If the
liquid wets the entire surface, a continuous film of liquid is formed. On the other hand,
if the liquid fails to wet the entire surface, droplets are formed. These two types of
condensation are referred to as filmwise and dropwise condensation respectively.
Dropwisc condensation yields larger heat transfer coefficients but is difficult to maintain
[Ref. 3]. All condensers today are therelore designed to operate with (ilm condensation
conditions.

In 1916, Nusselt [Ref. 4] reasoned that as vapor condenses on a cooler surface, such
as a horizontal tube, a continuous film of condensate will form. This film grows in
thickness as the condensate flows around the tube under the influence of gravity. Hence,
the thickness of the condensate is not uniform around a horizontal tube. Since the
condensate acts as a resistance to heat transfer, Nusselt argued that the local heat
transfer coeflicient will be a maxinwum at the top of the tube where the film thickness is
Icast and decreases around the tube as the condensate thickness increases.

B. CONDENSATION OF REFRIGERANTS ON SMOOTH TUBES

Goto et al. [Ref. 5] examined film condensation of various refrigerants, including
R-113, on smooth copper tubes. Their results showed values for the vapor-side heat
transfer coefficient on the order of 1.2 to 1.5 AW/m? K for a wall-film temperature dif-
ference of 3 to 25 K. Furthermore, their results were about 0% below that predicted
by Nusselt theory.

- Masuda and Rose [Ref. 6,7] reported that condensation of R-113 on smooth copper
tubes yiclded an outside heat transfer cocflicient of about 1500 W/m? K for wall-film
temperature differences of 12 to 20 K. Their results showed good agrecment with
Nusselt theory.

Marto et al. [Ref. 8] showed that for condcnsation of R-113 on smooth copper
tubes, the vapor-side heat transfer coeflicient was on the order of 1000 W/m? K for a
temperature drop across the {ilm of 20 to 25 K. Their values were also in good agreement

with Nussclt theory.




C. ENHANCEMENT OF FILM CONDENSATION

The most commonly used procedure for enhanccment of film condensation is
through the use of integral-fin tubes. With this type of condenser tube, two distinct re-
gions exist; namely, a flooded and an unflooded region. Typically, as fluid condenses
on a finned surface, it is pulled from the fin tip to the fin root by surface tension forces.
Gravity then causes the fluid between fins to drain to the bottom of the tube where it
drains off. Hence, condensation on a finned tube involves a combination of surface
tension and gravity forces. It is the added surface tension which tends to enhance heat
transfer over smooth tubes by thinning the condensate film at the fin tip.

Since the present study uses R-113 as the working fluid, the remainder of this
chapter will focus on previous experiments which have used low surface tension fluids
such as refrigerants. For additional information involving other fluids, the reader is re-
ferred to recent review articles by Marto [Ref. 9,10], Webb [Ref. 11] and Sukhatme [Ref.
12].

1. Condensation on Single Enhanced Tubes: Theoretical Models

The first theoretical model of condensation on finned tubes was published by
Beatty and Katz [Ref. 13]. Their theoretical model is given by:

hBK=nfhf—A:f—+hu—A"— 2-1
Aer A

Here 7, is the fin efficiency, 4, is the fin surface area, 4, is the unfinned surface area, and

A, is the effective total surface area. The above equation can be simplified to:
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where the equivalent diameter is given by:
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In this equation,
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The equation for the heat transfer coefficient is a Nusselt-type condensation equation
based on the equivalent diameter for a finned tube. This equation predicted the exper-
imental results obtained by Beatty and Katz to within + 20%.

There are several important limitations to the Beatty and Katz model [Ref. 13].
It does not distinguish between fin tips and fin flanks, essentially assuming that the fins
have no thickness. Therefore the model is not suitable for trapezoidal fins. A second, and
perhaps more significant limitation is that the Beatty and Katz model fails to take into
account surface tension effects. Instead, the model assumes that the flow of the
condensate film is simply a function of gravity. While this may not pose a serious limi-
tation when low surface tension fluids such as refrigerants are examined, this assumption
can become critical when condensation of high surface tension fluids such as stcam are
investigated.

Another limitation of the Beatty and Katz model is that it does not take into
account condensate flooding. Rudy and Webb [Ref. 14] argued that the flooded portion
of the tube was ineffective in condensation. They therefore proposed that the Beatty and
Katz model be modified by:

¢r
hpw= hpx 7~ (2-96)

where ¢,, the flooding angle, is defined as:

- 26 cos i
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where R, is the outside radius, ¥ is the fin tip half angle and o is the fluid surface tension.
It is interesting to note that this modification resulted in an underprediction of Rudy and
Webb’s R-11 condensation data by about 35%.

Webb et al. [Ref. 15] next argued that surface tension drainage must be consid-
ercd in the model. They derived the equation:
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where ¢ is the fin height, t is the fin thickness and b is the width of the space between
the fins. Substitution into the Beatty and Katz expression yielded agreement with ex-
perimental data of + 10%.

Owen et al. [Ref. 16] argued that the Rudy and Webb [Ref. 15] model had to
be corrected in order to account for heat transfer in the flooded part of the tube. Owen
et al. proposed the equation:

¢ ¢
ho=hBK—n£+h,,(l—7f-> 2-9)

where A, is the average outside heat transfer coefficient and A, is the heat transfer coef-
ficient in the flooded region of the tube. This value was estimated using a one-
dimensional radiai conduction model. This corrected model of Owen et al. resulted in
agreement of + 30% with earlier experimental data.

I 1985, Webb et al. [Ref. 17] proposed a model that included heat transfer in
the flooded region as well as surface tcnsion drainage on the fin flanks and gravity
drainage on the interfin surface. Their model equation {or the average heat transfer co-
efficient is:

A, Ar
hy= (1= Cp)| b=+ ki~ | + Cyhy (2 - 10)

In this expression, A, is the heat transfer coefficient for the unflooded root surface be-
tween the fins and A, is the heat transfer coeflicient on the fin flanks in the unflooded
arca, and A, is the heat transfer coeflicient in the condensate flooded region. The term
C, is the fraction of finned tube surface flooded by condensate, or,
¢
Cp=1-—= @2-11)

where ¢, is the flooding angle given in equation (2-7).

In the Webb et al. [Ref. 17} expression for the average heat transfer coeflicient,
h, h, and h, are defined mathcmatically as follows:
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where Re, 1s the condensate filin Reynolds number.




hy=12.149 2-13)

ky [aﬂ/'fg@msm E+1) }l—

Sm | HAAT (¢ 42
where S, is the length of the convex surface and @, is the rotation angle normal to the
fin surface [Ref. 18]. The term ¢ is a parameter that characterizes the aspect ratio of the
condensate surface.

Finally, 4, is defined as:

hy =~ 2 - 14)

This complex model of Wehbb et al. was able to predict heat transfer coeflicients to
within + 20% of experimental data obtained with R-11.

Honda and Nozu [Ref. 19] and I1onda et al. [Ref. 20] have proposed the most
comprehensive model to date. This model treats the heat transfer problem as one in-
volving vapor-to-coolant heat transfer through a finned tube wall. In this model,
trapezoidal fins were divided into flooded (f) and unflooded (u) regions. Equation (2-7)
was used to determine the flooding angle. Condensate flow in between the fins was as-
sumed to be driven by gravity whereas for the fin surface, condensate flow was assumed
to be driven by both surface tension forces and gravity. The condensate film thickness
on the fin surface was arbitrarily divided into a thick region, where no heat transfer oc-
curred, and a thin film region. The equation of the condensate film thickness was solved
numericallv.

Honda and Nozu [Rel. 19] showed that the average Nusselt number could be

written in terms of relevant parameters for the flooded (f) and unflooded (u) regions as:
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Here, T,, and T,, are the dimensionless average wall temperatures at the fin root and ¢,

is defined as:
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It should be pointed out that T., and f',, are determined by solving a circumferential wall
heat conduction equation. This wall temperature variation must be considered since heat
transfer rates through flooded and unflooded regions are very diflerent.

Honda and Nozu [Ref. 19] used their model to predict average heat transfer
cocefficients. These predictions were compared to experimental data on eleven different
fluids and twenty-two tubes. The predicted values matched most experimental values to
within + 20%.

2. Condensation on Single Enhanced Tubes: Experimental Results

The first experiments conducted on enhanced tubes were performed by Katz and
colleagues [Ref. 21,22, 13 ). These authors looked at condensation of R-12 and R-22 on
smooth and finned tubes. Their results showed a significant enhancement in heat transfer
for finned tubes.

In 1971, Karkhu and Borovkov [Ref. 23] examined condensation of R-113 on
five finned tubes. Their results showed that the rate of condensation for these tubes with
trapczoidal fins could be increased by 50 to 100% over smooth tubes.

" Araietal. [Ref. 24] and Kisaragi et al. [Ref. 25] studied the condensation of R-12
and R-113 respectively on finned tubes with spiral grooves cut along the length of the
tube. Arai et al. showed that grooves with a pitch of 0.7 mm gave the best enhancement
in heat transfer. Kisaragi and co-workers also compared grooved finned tubes with tubes
on which the fins had been covered with a porous coating. In comparison to the finned
tube, a two fold enhancement was seen with the grooved finned tube while a four fold
enhancement was obtained with the finned porous coated tube.

Carnavos [Ref. 26] performed one of the first detailed studies of condensation
of R-11 on enhanced copper tubes. In this study, eleven difTerent tubes were tested. The
tubes included finned tubes as well as finned tubes which had an axial spiral groove cut
along their length. Various sizes and shapes of fins were included. Enhancements of 4
to 6 were seen when compared to smooth tubes.

Rudy [Ref. 27] and Webb et al. [Ref. 15] reported experimental data obtained
for R-11 condensing on copper tubes with different fin geometries. Their results showed
that increasing the fin density from 748 to 1378 fpm resulted in about a 70% increase in
heat transfer presumably due to an increased surface area.

Honda et al. [Ref. 28] studied condensation of R-113 on copper finned tubes of
various fin density. Their resuits showed a 6 to 9 fold enhancement for R-113
condensation for finned tubes when compared to smooth tubes. A similar study by
Kabov [Ref. 29] examined the condensation of R-12 and R-22 on tubcs with different fin




densities His results also showed that the degree of enhancement is determinced by fin
spacing.

Masuda and Rose [Ref. 6] examined heat transfer for the condensation of R-113
on low integral-fin copper tubes. Fourteen different fin spacings (0.25 to 20 mm) were
examined. The optimal fin spacing was 0.5 mm which resulted in a 7.3 fold enhancement
in the vapor-side heat transfer coefficient.

Lin and Berghmans [Ref. 30} examined condensation of R-11, R-113, and R-114
on an enhanced tube. This enhanced tube, known commercially as "TEVERFIN", is made
of trapezoidal fins (1378 fpm) with a spacing between the fins of 0.064 mm.2 This tube
gave an 8 to 10 fold increase in the vapor-side heat transfer coefficient when compared
to a smooth tube.

Condcnsation of R-11 on a variety of enhanced copper tubes has been reported
recently by Sukhatme et al. [Ref. 31). All tubes had trapezoidal shaped integral fins. The
fin density, fin height and fin-tip half angle were systematically varied in order to deter-
mine the optimal values which would result in maximum enhancement. The maximum
enhancement obtained by these authors was about 10.3 relative to smooth tubes. This
enhancement corresponded to a fin spacing of 0.35 mm, a fin height of 1.22 mm and a
fin-tip half angle of 10 degrees. In addition, a set of specially enhanced tubes were tested
by these authors. These tubes had axial grooves cut into them with the trapezoidal fins
present.  An enhancement of 12.3 was obtained with these specially enhanced tubes
when compared to smooth tubes.

Marto et al. [Ref. 8] studied condensation of R-113 on a varicty of copper
integral-fin tubes with rectangularly shaped fins. The optimum fin spacing was found
to lie between 0.25 and 0.5 mu. The vapor-side heat transfer cocflicient was enhanced
on the order of 4 to 7 fold.

Michacl et al. [Ref. 32] continued the studies of Marto ct al. [Ref. 8] by looking
at the effect of root diameter on the condensation of R-113 on integral-fin tubes. They
found that the root diameter had only a ncgligible effect on hcat transfer enhancement.
In addition, these investigators found that thc optimal fin spacing was about 0.5 mm.

They obtained an enhancement of 5 to 6.

2 While the authors quote a fin spacing of 0.064 m, this value seems too small. The schematic
diagram of the fins together with other duncnsions published by these authors tend to sugpest that
the correct fin spacing is 0.64 mm. This valuc 1s more in line with values quoted by othcr authors.
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In comparing enhancements reported by various authors, a word of caution is
required. In calculating values for the vapor-side heat transfer coefficients, the surface
arca to be used in this calculation must be defined. This area can be based on outside
or envelope diameter, root diameter or total fin area. The great majority of authors
define this area by the outside diameter of the tube as opposed to the root diameter. In
the various sources cited above, this has been the case. That is, the surface area has been
defined by the outside tube diameter.

While it is clear that integral-fin tubes can resuit in an enhancement of the
vapor-side heat transfer coefficient, other alternatives exist. As an example, Fujii et al.
[Ref. 33] studied the condensation of R-11 on smooth tubes which were wrapped with
fine wire. These authors found an optimal pitch-to-wire diameter ratio of 2 which re-
sulted in an enhancement of 2.5 in the vapor-side heat transfer coefficient when com-
pared to copper smooth tubes. These authors argued that the enhancement in the heat
transfer coeflicient was due to a thinning of the condensate film. The reason that the
condensate film thickness is reduced is that the presence of the wire creates a low pres-
sure region in the film ncar the base of the wires. This low pressure region is due to the
concave shape of the condensate film next to the wire. As a result, condensate fiim is
pulled along the tube wall towards the wire. This results in a thinning of the condensate
film between the wires.

3. Summary of Single Enhanced Tube Condensation

It i1s clear from the preceding discussion that theorctical models, despite their

+ 20%. This

degree of sophistication, still only match experimental data to within
suggests that the process of condensation on enhanced tubes is extremely complex and
far from being fully understood.

In terms of experimental data involving condensation of refrigerants on en-
hanced tubes, several comments need to be made. The expcriments reported here have
shown that integral-fin tubes can give enhancements of the vapor-sidc heat transfer co-
efTicient on the order of 7 to 12. The magnitude of this enhanccment depends upon such
factors as fin shape, fin spacing, and fin height. Trapezoidal shaped fins with a spacing
of 0.5 mm give the highest enhancements.

Unfortunately, the above experiments were all performed on enhanced tubes
made of copper. In Naval refrigeration systems, where scawater is used as the coolant,
corrosion is of major concern. This nccessitates the necd for copper nickel or titanium
condenser tubes in. order to minimize corrosion. However, as can be seen from the

forcgoing summary of the lterature, essentiallv no work has been done on the
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condensation of refrigerants on copper/nickel or titanium finned tubes. Since both
copper'nickel and titanium condenser tubes have a lower thermal conductivity than
copper, one must wonder what effect this will have on the vapor-side heat transfer co-
efficient. Clearly, experiments using these tubes must be carried out.

4. Condensation on Enhanced Tube Bundles: Theoretical Studies

Condensation in tube bundles presents an entirely different situation than
condensation on single tubes. In a tube bundle, two conflicting factors come into play.
First, condensate forming on an upper tube drains off this tube onto lower tubes within
the bundle. This increases the thickness of the condensate layer on lower tubes which
further increases the resistance of these tubes to heat transfer. This effect 1s referred to
as condensate inundation.

Condensate falling from one tube to another can have a second effect. As
droplets fall from one tube to the next, ripples and splashing (turbulence) are induced in
the condensate film. This can actually enhance heat transfer on the lower tubes.

Vapor velocity can also be a significant factor in tube bundle condensation. As
the vapor travels into the tube bundle and condenses, the local velocity decreases. This
decrease in local velocity leads to a decrease in the heat transfer cocflicient similar to an
inundation effect since vapor shear effects that thin the condensate film are reduced.

In analyzing condensation in horizontal tube bundles, Nusselt [Ref. 4] assumed
that all condensate flowed from one tube to another as a continuous laminar sheet. He
showed that the ratio of the average heat transfer coeflicient for a vertical column of

horizontal tubes with respect to the top tube could be expressed as:

-1
a
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where N is the number of tubes in the vertical column. A local coefTicient can also be
calculated for the Nth tube using Nusselt theory. This coefficient is given by:

3 3
YN (N1 (2-18)

Kern [Ref. 34} proposed a less conservative approach. He argued that droplets
of condensate falling from one tube to another causes ripples which disturb the
condensate film, thereby diminishing the effect of condensate inundation. His math-

emaucal model took the form:
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In 1972, Eissenberg [Ref. 35] proposed that condensate may not drain only in
a vertical direction, but rather, may be diverted sideways, presumably due to local vapor
flow conditions. This so-called “side drainage” model predicts a less severe effect of
inundation yields:

/7,\' '%
-71—]-=0.60+N 2-121)

At the present time, numerous investigations have been carried out in an at-
tempt to better understand the phenomenon of condensate inundation. However, the
data are scattered and as a consequence, no successful theoretical model of condensate
inundation exists [Ref. 3]. However, for design purposes, Butterworth [Ref. 36} has re-
commended that the Kern model be used.

5. Condensation in Enhanced Tube Bundles: Experimental Studies

Young and Wohlenberg [Ref. 37] examined the condensation of R-12 on a
vertical column of smooth horizontal tubes. These investigators found that the effect of
the number of tubes in the vertical column is less than that predicted by Nusselt.

Katz et al. [Ref. 38] investigated the condensation of R-12 on a vertical column
of six horizontal finned tubes. Their results also showed a less severe inundation effect
than predicted by the model of Nusselt.

_ Smirnov and Lukanov [Ref. 39] used R-11 to study condensation on 20 hori-
zontal rows of finned tubes arranged in a triangular fashion. Their results showed a
dramatic reduction in heat transfer for the first five tubes. However, after this, the heat
transfer coeflicient remained almost constant for the rest of the tubes in the column.

Honda et al. [Ref. 40] have studied the condensation of R-113 on a vertical
column of horizontal low finned tubes. An inundation tube was used to simulate addi-
tional rows of tubes. These authors described four modes of condensate flow; namely,

agroplet mode, column mode, column and sheet mode, and sheet mode. Unfortunately,
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these authors did not calculate the heat transfer coefficient so that no comparison with
theoretical models is possible.

Webb and Murawski [Ref. 41] examined the condensation of R-11 on a column
of enhanced condenser tubes. The tubes tested were a standard 1024 fpi tube, a
GEWA-SC tube, a Turbo-C tube and a TRED-D tube. The GEWA-SC tube is a 1024
fpi tube but the fins have a Y-shaped cross-section. The Turbo_c and TRED-D tubes
are similar to the 1024 fpi tube except that the fins have a saw-tooth shape. Webb and
Murawski found that a standard 1024 fpm tube showed virtually no row (inundation)
effect. However, when the experiments were conducted on Turbo-C, GEWA-SC and
Tred-D tubes, row effects (ie., inundation effects) were seen. The inundation effect was
greatest for the Tred-D tube which also had the lowest single tube performance. These
investigators found values for the exponent in equations (2-17, 2-19, and 2-21) on the
order of 0.12 to 0.26. Recall that Nusselt’s theory used a value of 0.25.

More recently, Honda et al. [Ref. 42] studied the condensation of R-113 on an
in-line horizontal tube bundle. The tubes tested consisted of either flat-sided (rectangu-
lar) annular fins or three dimensional trapezoidal fins. These authors found that the ef-
fects of condensate inundation were greatest for the three dimensional fin tubes.
Unfortunately, these authors also had vapor velocities on the order of 3.4 m/s or greater.
Therefore, it is difficult to compare their results directly to the theoretical models of
Nusselt, Kern, or Eissenberg. 4 '

An interesting facet of the experiments of Honda et al. [Ref. 42] deserves men-
tion. These investigators compared the effects of condensate inundation on the vapor-
side heat transfer cocfficient for smooth and finned copper tubes. Their results showed
that despite condensate inundation, the heat transfer coeflicient for the finned tubes was
still substantially above that of the unfinned tubes. In addition, the decrease in the heat
transfer coefficient with increasing row number was less with the finned tubes suggesting
that the effects of condensate inundation were less severe with finned tubes than with
unfinned tubes. Presumably, this result is due to the fact that condensate draining off
of a finned tube drains in columns rather than continucus sheets. Lower tubes will
therefore not be completely covered with condensate but instead will have unflooded
regions.

Honda and Nozu [Ref. 43] examined the effects of condensate inundation on
smooth and integral-fin copper tubes using a theoretical model derived recently by
Honda ct al. [Ref. 44] This model was a single tube modei wlich was extended to include
the cilects of condensate inundation by realizing that condensate did not flow off tubces
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as sheets but rather as columns. The model took account of the fact that regions which
received drainage of condensate had different heat transfer coeflicients than regions
which did not. The results support the more recent experimental results of Honda et al.
[Ref. 42]. The effect of inundation was less severe for the finned tubes than for the
smooth tubes. The authors suggest that this is due to condensate being channeled on the
finned tubes whereas for the smooth tubes, the entire tube surface becomes covered with
a condensate film of varying thickness.
6. Summary of Enhanced Tube Bundle Condensation

Experimental data has shown that the Nusselt model for the effects of
condensate inundation may be too conservative. Rather, most experimental data seems
to fall between the Kern and Eissenberg predictions.

Other experimental data suggests that the effects of condensate inundation are
less for finned tubes as opposed to smooth tubes. Presumably, this is due to the manner
in which condcnsate flows from one finned tube to another. The presence of the seems
acts to channel the flow of condensate leaving large areas relatively free of flooding from
inundation.

As a final comment, the use of wire wrapped tubes provides an interesting al-
ternative to the more conservative finned tube approach. However, the effects of
refrigerant condensate inundation on wire wrapped tubes has yet to be examined.
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III.  EXPERIMENTAL APPARATUS

A. TEST PLATFORM

Details of the design and construction of the condenser/evaporator test platform are
provided by Zebrowski [Ref. 1] and Mabrey [Ref. 2]. Therefore, only a brief summary
will be presented here.

The test platform is shown schematically in Figure 1 while a photograph of the unit
is shown in Figure 2. The unit is made from rolled stainless steel plate (6.35 mm thick)
and designed to withstand an absolute pressure of 308 kPa (approximately 3 bar).

1. Condenser Section

The top section is the condenser. It is 1.3 m in length with an internal diameter
of 0.61 m. The end plates are made of stainless steel plate (6.35 mm thickness) with a
diameter of 0.71 m. They are connected to the condenser shell using a bolted flange as-
sembly. A rubber gasket, 3.22 mm thick, provides a vacuum tight seal. The condenser
unit has five viewports which allow the condensation process to be viewed.

Four test condenser tubes are contained in the condenser forming a vertical in-
line column with a pitch-to-diameter ratio of 2.25. These are held in place at each end
by a nylon block bolted to the end plate. A rubber gasket provides a vacuum tight seal.
A stainless steel plate is fitted over the ends of the condenser tubes and bolted to the
nylon block. O-rings are placed in between the nylon block and steel plate in order to
provide a vacuum tight seal.

In order to provide a means of pressure control during testing of the condenser
tubes, the test platform was fitted with five auxiliary condenser tubes. These auxiliary
condenser tubes are constructed of 9.53 mm diameter copper tube, wound into coils.
Each coil is supported by a stainless steel rod welded to one of the end plates. The aux-
iliary condenser coils enter and exit through this same condenser end plate.

A stainless steel shroud assembly, shown in Figure 3, is installed in the
condenser unit. This shroud surrounds the test condenser tubes as well as the auxiliary
condenser coils. A window, installed in the side of the shroud, allows visualization of the
test condenser tubes through the viewports. The purpose of this shroud is to funnel va-
por from the evaporator below, around the outside of the shroud and then vertically
down past the condenser tubes. The velocity of the vapor past the condenser tubes was

0.1 m'’s.
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Figure 1. Schematic diagram of test platform.
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Figure 2.

Photograph of the evaporator/condenser test platform.
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2. Evaporator Section

The flooded evaporator is formed from rolled stainless steel and has an internal
diameter of 0.61 m with a width of 0.279 m. Two viewports allow visualization of the
boiling process. This unit is connected to the condenser by a collar assembly 0.28 m in
diameter and 0.203 m in length. The volume of liquid contained in the evaporator is
approximately 0.06 m?, just suflicient to cover the boiler tubes.

Vapor is produced in the evaporator using a combination of three groups of
heaters. The first group is the main bundle and is composed of thirty-five tubes in a
triangular pitch (pitch to diameter ratio of 1.2). Fifteen of these have heaters with a
nominal rating of 1 kW each. Five of these heated tubes are instrumented with
thermocouples to enable bundle boiling data to be obtained. In addition, unheated
dummy tubes are used to guide the two phase flow within the bundle.

The second group of tubes is composed of five simulation heaters, each with a
nominal rating of 4 k€W. These are placed below the main bundle in order to simulate
further rows of tubes.

" The final group consists of four auxiliary heaters, each with a nominai rating
of 4 kW. Two of these are placed on each side of the evaporator in order to keep the
liquid pool at saturation conditions; this avoids any subcooling of the liquid. Power to
all three sets of heaters is provided by three separate STACO 240V, 23.5kVA rheostat
contollers. _ '

For further information on the design and construction of the test platform, the
rcader is referred to Zebrowski [Ref. 1], Mabrey [Ref. 2], Murphy [Ref. 45], and Chilman
[Ref. 46].

3. Coolant System

The coolant is a 54/46 by weight mixture of ethylene glycol and water. The
coolant system consists of two main coolant pumps. These pumps are 0.5 hp constant
speed pumps which take a suction from the main coolant sump. One pump is used to
supply five rotameters. A ball valve, located at the entrance to each rotameter, is used
to control the flow rate. Flow to each test condenser tube is supplied by an individual
rotameter. The fifth rotameter is used to supply one of the auxiliary condenser coils. A
needle valve is used to provide fine control of flow through the coil. This coil is normally
used to control saturation pressure during experimental runs.

The secoad coolant pump is used to supply coolant flow to the remaining four
auxiliary condcenser coils. Flow through each coil is controlled by a needle valve located
at the entrance to each coil. It should be noted that the four auxiliary cooling coils are




seldom needed during the condenser experiments; their primary purpose is for use during
evaporator experiments. (see Chilman [Ref. 40]).

In addition to supplving the four auxiliary condcnser coils, the second coolant
pump also provides coolant flow to a refrigerant storage tank and to a cold trap located
at the top of the condenser. The storage tank can be used to store refrigerant during
condenser or evaporator tube changeout. The cold trap is placed in-line between the
condenser and a vacuum pump. Vapor from the condenser is drawn through the cold
trap which is cooled by the ethylene glycol/water mixture. This process is used to remove
noncondensibles from the condenser while preventing loss of refrigerant to the atmos-
phere.

Flow of the coolant mixture from the auxiliary condenser cooling coils, storage
tank, and cold trap are returned to the sump tank. Coolant flow from the test condenser
tubes emptics into a common header which then empties into the same coolant sump
tank.

In order to keep the coolant mixture temperature approximately constant, it is
cooled by an eight ton refrigeration system located outside the building. This system
continually recirculates the coolant using a 0.75 hp pump. Coolant temperature can be
maintained at any temperature from ambient temperature (approximately 20 °C) down
to -20 °C.

4. Instrumentation

Prior to entering each condenser tube, the coolant flows through a mixing
chamber. The inlet temperature is measured using a single copper/constantan type-T
thermocouple. Coolant flows from each condenser tube through an outlet mixing
chamber. Outlet coolant temperatures are then measured using two thermocouples for
each tube. An average outlet temperature is then taken for each tube. All thermocouples
had been previously calibrated by Mabrey [Ref. 2].

| Refrigerant temperatures were measured at several different locations in the
evaporator/condenser test platform using similar single thermocouples. Vapor temper-
ature was measured in two separate locations at the top of the condenser and one lo-
cation just above the liquid level. Refrigerant liquid temperature was measured at both
the top and bottom of the tube bundle. The thermocouples were inscrted into stainless
stcel housings (with copper tips) which were installed in the condenser/evaporator test

platform.
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B. CLEANING AND DECONTAMINATION PROCEDURES

As mentioned earlier, there was a contamination problem with the test platform
during the work of Mabrey [Ref. 2]. Therefore, the experimental apparatus was initially
disassembled and cleaned in accordance with the following procedure.

Prior to removing the evaporator, all heaters and thermocouples were disconnected.
The lagging around the mating flange was then removed. A Porta-lift was connected to
the evaporator mating flange in order to support the weight of the evaporator prior to
removing the bolts holding the evaporator and condenser together. After supporting the
evaporator, the bolts were removed and the evaporator lowered from the condenser unit.

Referring to Figure 2, the condenser unit is capped at each end by a steel end plate.
The left end plate supports the auxiliary condenser units and is therefore removed after
the right end plate. The test condenser tubes must be removed prior to the disassembly
of the condenser. The assembly which holds the condenser tubces in place is composed
of a nylon plate bolted to the condenser end plate. A gasket insures a tight seal between
the nylon and condenser end plates. A stainless steel plate is bolted against the nylon
plate with O-rings in between which ensure an air tight seal between the environment
and the inside of the condenser.

The plates holding the test condenser tubes in place must be removed prior to re-
moval of the condenser end plates. The stainless steel plates at both ends are removed
by unbolting the retaining nuts. The nuts holding the nylon plate in place are then re-
moved. A rubber mallet is used to tap out the test condenser tubes from the left end of
the platform. This causes the right end nylon plate to move away from the right
condenser end plate. Screwdrivers can then be used to pry the nylon end plate away from
the condenser.

The condenser end plates can be removed after the test condenser tubes have been
removed. As a word of caution, these end plates weigh in cxcess of 100 pounds.

Therefore, they must be supported during the removal process. In these studies, a
Porta-lift was used for this purpose. The right condenser cnd plate was removed first,
followed by the left end plate. Prior to removal of the left end plate, the shroud assembly
had to be removed. This was facilitated by first removing the thermocouple probes which
penctrate the top of the condenser unit. The shroud was then pulled out of the
condenser.

If the auxiliary condenser tubes are to be removed, then the the left condenser end
plate will have to be removed. This is because the five auxiliary condenser tubes are at-
tached to the left end plate. The location of the test platform in relation to the coolant
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sump is such that this end can not be removed with the evaporator/condenser test plat-
form in its present location. Rather, if the left head must be removed, the entire test
platform must be rotated 180 degrees about a vertical axis.

Initial inspection of the condenser unit showed only one small area of discoloration
which surrounded the middle viewport. \No other obvious signs of contamination were
evident. The condenser and evaporator were both cleanec using ”"3-D Supreme Cleaning
Agent”, a commerciallv available product which leaves no residue. All components were
rinsed with fresh water, dried, then given a final cleaning with acetone. The auxiliary
condenser coils were cleaned and decontaminated in the same manner.

The copper condenser tubes also appeared somewhat discolored. These were cleaned
using “Shower Power”, a commercially available cleaning agent. Prior to installation into
the condenser unit, they were given a final cleaning with acetone to ensure removal of
any residue left over from the cleaning procedure.

During the reassembly, all gaskets were replaced. Prior to replacement of the
evaporator unit, a test blank was installed on the condenser and a vacuum test success-
fully performed. After this test was completed, the test blank was removed and the
evaporator reinstalled. All penetrations were reconnected, the boiling tube bundle
rcinstalled and another vacuum test performed.

Prior to charging the system with R-113, the ethylene glycol/water coolant pumps
were energized and flow started through the test condenser tubes. For this initial test,
smooth copper tubes were used. The temperature of the coolant was -15°C. Since
Mabrey [Ref. 2] had noted that during condensation, a thickening between the fins of
copper/nickel finned tubes was occurring which suggested ice formation, it was felt that
water vapor might be present in the test platform since it had been open to the atmos-
phere. Therefore, by running the coolant mixture at this temperature through the
cond=nser tubes, if no condensation was seen, this would rule out the presence of water
vapor. During this intitial run, no condensation was seen on any tubes. In addition, the
orange peel appearance noted by Mabrey on the smooth copper tubes was not in cvi-
dence. .

After checking the evacuated system for possible contamination, the test platform
was charged with fresh R-113. Coolant flow was again started. This time an orange peel,
or dimpled appearance could be seen on the top condenser tube. This suggested some
type of contamination laver.
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Power (~ 20 kW) was applied to the heaters while the coolant tempcrature was
raised to ~ 0°C. The orange peel appearance on the top tube was still present. Meas-
urements of the vapor temperature at the top and bottom of the condenser showed ap-
proximately a 20 °C differential, signifving the presence of significant amounts of
noncondensible gases. These gases enter with the refrigerant and are released into the
condenser when the liquid is boiled.

A vacuum pump, connected to the top of the condenser was used to remove these
noncondensible gases. When this was done, the temperature differential between the top
and bottom of the condenser decreased to less than 0.5°C. The orange peel appearance
quickly disappeared and all four condenser tubes demonstrated good filmwise
condensation. Based on these observations, it was standard practice to degas the system
for at least four hours after the system was open to the atmosphere or fresh R-113 was
added to the evaporator.




IV. EXPERIMENTAL PROCEDURES
A. GENERAL PROCEDURES

The experimental procedure was identical for all experiments. The coolant pumps
were energized and flow started through one of the auxiliary condensers. Flow was also
started through the four test condenser tubes at a nominal coolant velocity of 0.2 m/s.
The auxiliary heaters were set at 3 kKW, the instrumented tube bundle set at 3.5 kW, and
the simulation heaters set at 1.5 kW.

The vapor temperature at the bottom and the top of the condenser was allowed to
rise to 47.5 °C which corresponds to the saturation temperature of R-113 at atmospheric
pressure. The rate of temperature rise was controlled to approximately 0.3 degrees per
minute by adjusting the rate of coolant flow through the auxiliary condenser. During the
heat up period, a vacuum pump, connected to the top of the condenser via the cold trap,
was run continuously in order to remove any noncondensibles. The absence of
noncondensibles was indicated when the vapor temperature difference between the top
and bottom of the condenser unit was less than 0.5 °C.

When the vapor temperature was about 45 °C, coolant velocity was adjusted to be-
tween 1 and 1.2 m/s for the four condenser tubes. The heater power levels were then
readjusted in order to maintain a relatively constant condenser pressure while leaving
one auxiliary condenser coil on-line. At lower coolant velocities, condenser pressure was
maintained using the auxiliary condenser coils. The power settings for the heaters were
not altered during the course of the experiment.

During all experimental runs, the vapor temperature at the top and bottom of the
condenser unit was maintained between 46.5 and 48.5 °C which corresponds to a
condenser pressure of approximately one atmosphere. Pressure control was accom-
plished by adjusting coolant flow through the auxiliary condenser tubes.

1. Tube Bundle

Once the vapor temperature was between 46.5 and 48.5 °C , coolant flow was
adjusted to the desired coolant velocity for the four test condenser tubes. Here, the de-
sired coolant velocity is an input to the computer program. The program then calculates
the required flowmeter setting using the calibration curves (Appendix A). The initial
coolant velocity used was 0.2 m’s. After setting the flow rate, the temperature diflerence

between the inlet and outlet of all four condenser tubes was monitored using the com-

25



puter program, DRPCON7. Approximately ten minutes was required for this temper-
ature differential to stabilize. Once stable, a data sct was taken. This procedure was
repeated in increments of 0.1 m/s up to a maximum of 1.2 m’s. The procedure was then
repeated by decreasing the flow in 0.1 m,'s increments down to 0.2 m;s. Two data sets
were obtained at each coolant velocity. It should be mentioned that for the
copper/nickel finned tubes, the range of flow settings was changed. The minimal flow
setting was 0.6 m's while the maximum flow setting was 2.0 m's. The reasons for this
change are discussed in “3. Enhancement of Outside Heat Transfer Coeflicient.” on
page 30.
2. Single Tube Experiments

After completion of the tube bundle runs, the experiment was repeated for each
individual tube starting with the lowest tube (tube D). Flow through the tubes above the
test tube was stopped and flow through the tube of interest was set for a velocity of 0.2
m/sec. The vapor pressure was again maintained using an auxiliarv condenser coil.
DU;’;Ig this time, the upper tubes were continuously observed for condensate formation.
No single tube data was obtained until condensate formation on the upper tubes had
ccased. This typically required twenty to thirty minutes.

Once the coolant temperature rise had stabilized, a data sct was obtained. Fol-
lowing this, the coolant flow rate was increased in 0.1 m/s increments up to the maxi-
mum flow velocity. A data set was obtained at each flow velocity. Throughout the
experiment, tubes above the test tube were visually monitored to ensure that no
condensate formation occurred. The flow velocity was then decreased in 0.1 m'’s incre-
ments down to the minimum coolant flow velocity, with a data set obtained at each flow

velocity. This procedure was repeated for each test condenser tube in the bundle.

B. SPECIFIC EXPERIMENTS
1. Baseline Experiments

The purpose of the baseline experiments was to validate the performance of the
condenser, evaporator test platform by comparing data to that of Mabrey [Ref. 2]. These
initial baseline experiments were performed using smooth copper tubes (inside diameter
of 13.26 mm , outside diameter of 15.88 mm, thermal conductivity of 386 W/m K). The
condensing length of the tubes was 1.219 m. Tiie tubes were supplied by Wolverine Tube
Co.
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2. Enhancement of Inside Heat Transfer Coefficient

The main purpose of this study was to obtain accurate values of the outside hcat
transfer coefficient, A,. In order to obtain accurate values for A,, the resistance to heat
< .nsfer on the inside of the tube -h—lf-i— needs to be minimized. The reason that this re-
sistance must be minimized is that if the inside resistance is a large part of the overall
vapor-to-coolant resistance, then A, will be become inaccurate. In order to minimize the
inside resistance, one must enhance tiic inside heat transfer coefficient.

The inside heat transfer coefficient is influenced by the type of coolant flow
through the tubes. In the test platform, the coolant is a 54/46 percent (by weight)
ethylene glycol/water mixture. At temperatures below 0 °C, this fluid is extremely
viscous with Reynolds numbers in the range of 300 to 2800, suggesting laminar flow.
When the coolant flow is laminar, the inside heat transfer coefficient is low. However,
if this laminar flow can be mixed, then the inside resistance can be decreased and the
heat transfer coefficient increased. This can be accomplished through the use of radial
mixing elements. Radial mixing elements have the effect of mixing the thermal boundary
layer (formed on the inside of the tube) with the colder core flow thereby improving heat
transfer. It should be noted that a penalty in using such elements is an increased pres-
sure drop which must always be kept in mind in practical applications. However, for the
purposes of this study, increased pressure drop was not important.

In this thesis, two types of mixing elements were investigated. The first was a
twisted tape insert made of copper [Ref. 47,48]. This tape insert had a thickness of 0.559
mm with a pitch for a 180 degree twist of three times the inner tube diameter.

The second type of insert used in this study was a commercially available prod-
uct referred to as HEATEX radial mixing elements.3 These elements are manufactured
from stainless steel and consist of a number of small flexible loops (petals) of steel wire
attached to a central wire corc These flexible petals are placed in the tube such that they
face the oncoming flow. Their outside diameter is slightly larger than the insidc diameter
of the tube and are therefore kept in position with a “pinch” fit. The petals disturb the
thermal boundary layer and promote fluid mixing. Figure 4 shows the two types of in-
serts. It should be noted that two different sizes of HEATEX were used since condenser

tubes of two different inside diameters were examined.

3 manufactured by CAL GAVIN Birmingham, England.
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As part of the baseline experiments, the smooth copper tubes were also tested
with no insert installed. Experiments were repeated on the smooth copper tubes using
the twisted tape inserts as well as the HEATEX elements. This data was then used as a
baseline for comparison with other types of condenser tubes. It should be mentioned
that when no insert is present, the inside tube resistance to heat transfer is very large
relative to the outside resistance. In some cases (typically when the coolant flow rate is
low), this can produce a negative value for the outside heat transfer coefficient. This is
simply the inaccuracy in the calculation of A, when the inside resistance dominates and
clearly demonstrates the need for an insert as mentioned above.

3. Enhancement of Outside Heat Transfer Coefficient.

The overall heat transfer coeflicient, U,, is influenced by the outside as well as
the inside heat transler coeflicient. The means by which the outside heat transfer coefli-
cient is enhanced is by altering the outside geometry of the condenser tube.

Experiments to investigate enhancement of the outside heat transfer coefficient
utilized three types of condenser tubes. The first type of tube tested was a copper/nickel
finned tube (26 fins/inch). This tube has an inside diameter of 10.16 mm with a thermal
conductivity of 43 W/m K. The tubes were manufactured by Wolverine Tube Co. These
tubes were tested as a tube bundle as well as individually. Experiments were performed
with no insert as well as with the twisted tape and HEATEX inserts. These tubes are
shown in Figure 5. One point must be mentioned with regard to the finned tubes. The
use of fins on the outside of the tube enhances the heat transfer considerably. Conse-
quently, the inside resistance again becomes a large fraction of the overall resistance,
even when inserts are used.

One additional point must be discussed with regard to the copper/nickel finned
tubes. Because the size of the holes in the nylon end plates is fixed, the outside diameter
of any tubes to be tested must be the same. In order to have these finned tubes the same
outside diameter, the inside diameter had to be reduced. Since the inside tube diameter
was smaller for the finned tubes, higher coolant velocities were obtained.

The second scries of experiments used a copper/nickel KORODENSE tube also
manufactured by Wolverine Tube Co. This tube, shown in Figure 5, has a shallow spiral
groove along the entirc condensing length with a pitch of 10 mm. As with the finned
copper; nickel tubes, experiments were performed on these KORODENSE tubes with no
insert as well as with the twisted tape and HEATEX inserts. The tubes were tested in a
tube bundlc as well as individually.
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Fujii and co-workers [Ref. 33] have previously shown that the condensation of
refrigerants can be enhanced by wrapping smooth condenser tubes with a small diameter
wire. Therefore, a third series of experiments were performed in which copper;nickel
KORODENSE tubes were tightly wound with wire as shown in Figure 5. Since these
authors showed that there was an optimum wire size which gave the greatest enhance-
ment of heat transfer (0.5 mm at a pitch of 3 mm), the KORODENSE tubes used in this
study were wrapped with one of three different sizes of wire. The sizes used were 0.029"
(0.736 mm) diameter stainless steel wire, 0.049” (1.244 mm) diameter stainless steel wire,
and 0.0675” (1.715 mm) diameter copper wire. The wire lay in the shallow grooves of the
KORODENSE tubes and was soldered to the tubes at the ends only. Although the wire
was tightly wrapped around the tubes, it was not physically attached except at the ends.
Experiments were carried out on each tube individually. Each tube was tested in all four
locations within the bundle. This was done to see if position within the bundle (i.c. wake
from tubes above) had any effect. Only the HEATEX inserts were used with these tubes.

Once an optimal wire diameter was determined, a fourth series of experiments
was conducted. This series used the same four KORODENSE tubes, only this time each
was wrapped with the same optimal diameter wire. The tests were done with the
HEATEX elements installed. Experiments were conducted on the tubes individually in
order to compare with the previously obtained single tube data. In addition, these wire
wrapped tubes were tested as a tube bundle in order to investigaic whether or not the

wire wrap had any effect on condensate innundation.
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V. DATA REDUCTION

A. DATA ACQUISITION

The data acquisition system consisted of a Hewlett-Packard series 9000 computer
coupled with a Hewlett-Packard model 3479A Data Acquisition system. The computer
program used in this study was origin.’ly written by Mabrey [Ref. 2] but has been sub-
stantially modified in the course of this thesis. The data acquisition thermocouple
channel assignments are shown in Tat:e 1.

Table 1. THERMCOUPLE CHANNEL ASSIGNMENTS.

Channel Temperature Measured
0 Vapor (condenser top)
1 Vapor : zondenser top)

—2 Vapor (top of liquid)

Liquid (top of bundle)
Liquid (top of bundle)

3

4

5 Liquid (bottom of pool)
6 Inlet tube 1
7

8

9

Inlet Tube 2
Inlet Tube 3
: Inlet Tube 4
10, 11 Outlet Tube 1

12, 13 Outlet Tube 2
14, 15 Qutlet Tube 3
10, 17 Outlet Tube 4

The computer pr--ram allows the user to acquire data, reprocess data, or plot data.
During data acquisit the user selects the fluid velocity desired. Based on coolant inlet
tempcrature, the coolant fluid properties and mass flow rates are calculated (see Ap-
pendix C). The program then uses equations derived from the flowmeter calibrations
(Appendix A) in order to calculate the appropriate flowmeter settings.

Once the flowmeters are set for the required coolant velocity, the computer system

displays the vapor temperature at the top and bottom of the condenser as well as the
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coolant temperature rise for each condenser tube. When these temperature rises are
stable (approximately 10 minutes), the user can terminate the display and acquire the
data for that coolant flow velocity. While the temperature rises were stabilizing, coolant
flow through an auxiliary condenser tube was adjusted in order to maintain constant

pressure.

B. DATA REDUCTION

The main function of the data reduction section of the computer program is to back
out the outside heat transfer coefficient from an experimentally determined value of U,
and an assumed inside heat transfer coefficient correlation. This is accomplished in the
following manner.

The data acquisition system measures the emf from the thermocouples listed in Ta-
ble 1. These values of emf are converted to temperatures using correlations obtained
from the temperature calibrations both contained in Appendix B. The volume flow rate
of the ethylene glycol/water mixture is calculated based on the desired coolant velocity.
The density, dvnamic viscosity, thermal conductivity, heat capacity, and Prandtl number
of the coolant are calculated using inlet temperatures (see Appendix C and Appendix
E). From these quantities, the coolant mass flow rate and fluid velocity are calculated.
The coolant Reynolds number for each condenser tube is also calculated. The heat

transferred to the coolant is then found from
g =mC,AT -1

where m is the mass flow rate and AT is the coolant temperature rise. The outside heat
flux, ¢”, is calculated by dividing ¢ by the surface area of the tube based on the outside
tube diameter.

The overall heat transfer coefficient, U,, is given by:

T — L -
Vo= Tar1D (5-2)
where LMTD is the log mean temperature difference defined as:
LMTD = al (5-3)

I Tsat - Tc,
n| —s/—————
T — 7ca
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The inside heat transfer coeflicient (given as a dimensionless Nusselt number, Nu,)
can then be calculated using one of three correlations. The choice of which correlation
to use depends upon the type of insert installed inside the condenser tube. If no insert
is installed, then Nu, can be calculated from a correlation provided by Hausen [Ref.
49])4 for developing laminar flow in a tube at constant wall temperature.

4
0.0668 T Rep Pr,
d 0.666 :]
1+ 0.04[( —l‘- )ReD,cPrcjl

If a twisted tape insert is installed, a correlation given by Hong and Bergles [Ref.

Nuc=3.66+|: (5=-9

47} can be used to calculate Nu, where

Re 1.257]0.5
Nu, = 5.172[1 + 5.4s4x10‘31>r3-’( T‘) } (5-5)

Here, y is the twist ratio (pitch over diameter). Re, is the coolant Reynolds number,
corrected for tape thickness. Re, is given by:

Re, = Eﬂz—’zm (5—6)
where 4 is the tape thickness. This correlation is valid for Re, up to about 2300.

A number of correlations for determining the inside hecat transfer coefficient have
been published when using a wire matrix insert [Ref. 50,51,52, 53 . However, these
correlations are specific for the type of mixing element used, and are especially depend-
ent upon the loop density of the wire matrix.

The HEATEX mixing elements supplied by CAL GAVIN (nominal diameters of
13.26 and 10.16 mm) did not match the loop densities used by previous investigators.
However, CAL GAVIN did supply experimental data for the heat transfer coefficient
versus fluid velocity at three different temperatures for both sizes of elements. To con-
vert this data into a usable correlation, the following procedure was developed.

4 Calculations were performed for coolant flow through the smooth copper tubes at coolant
velocities of 0.2 and 1.2 m/s. These calculations confirmed the coolunt flow was not fully devel-
oped.
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The correlations of Oliver and Aldington [Ref. 51, 52 ] took the form of
Nu = cRe"Pr" 5-=7

where ¢, m, and n are arbitrary constants which are dependent upon the type of insert
used. It was assumed that a similar type of equation could be used in the present study
by fitting the constants to the data (once non-dimensionalized) provided by CAL
GAVIN.

The correlations of Oliver and Aldington [Ref. 51, 52 | had Prandtl number raised
to a power of 0.46. This was primarily to take into account temperature effects. There-
fore, the same value was assumed in the present study. Values of Nu/Pr’4 were plotted
as functions of Re on a log-log basis. Figure 6 shows the data obtained for the 13.26
mm elements while Figure 7shows the data obtained for the 10.16 mm elements. Based
on the appearance of the non-dimensionalized data, a least squares linear regression was
performed on each data set. The figures yield the values of the constants m and c (slope
and intercept respectively) and provide the following correlations for the 13.26 and 10.16
mm clements respectively:

Nu, = 0.226Re®° Py%4 (5-8)
and
Nu, = 0.065Re%76 P> (5-9)

Once Nu, was obtained from equations (5-4, 5-5 5-8 or 5-9), the inside heat transfer
coefTicient was calculated from:

(5 — 10)
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NU/(PR**0.46)

HEATEX CORRELATION (13.26 MM)
NU = 0.226(RE**.85)(PR**.46)
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Figure 6. HITRAN correlation for 13.26 mm elements
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HEATEX CORRELATION (10.15 MM)
NU = 0.067(RE**.76)(PR**.46)

i

10

L4 ' 1

NU/(PR*+0.46)

a

10

10

Figure 7.
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HITRAN correlation for 10.16 mm elements
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The overall heat transfer coefficient, U, is found from the summation of resistances

to heat transfer across the whole tube:

1 1 _
T =T PR R T (5-11)

where R, and R, are the fouling and wall resistances respectively. In order to find A,

equation (5-11) can be rearranged to give:

1

h, = 5 -12)

I 1 (4

In all experiments, the tubes were meticulously cleaned and therefore, the fouling re-
sistance, R, was neglected.

In order to better assess the calculated experimental value of the outside heat
transfer coefficient, some form of comparison with prediction must be made. In this
case, the experimentally obtained value of #, was compared with Nusselt theory. How-
ever, because the wall temperatures are not known a priori, an iteration must be used
to determine this predicted value of 4,. An initial value of h, was estimated and based
on this estimate, a wall temperature was calculated using the equation:

9%

ar h
0

Twall = Ts

(5-13)

The condensate film properties are then calculated using a reference temperature given
by:

1 2
Thim = 3 Toae + 3 Tyau (5-14)

Once these condensate fluid properties are known (Appendix D), the theoretical outside

heat transfer coeflicient can be calculated from Nusselt theory [Ref. 4]:

32 1
gky prhy, }3

hy = 0.655| ——=—=— 5—15
(7] [ #_/doqo ( )

This calculated value is then compared to the initial guess. The error between the initial

guess and the calculated value are compared. If the crror is greater than 0.1%, the
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“guessed” value for h, is updated and the iteration continued. This process is repecated
until the error between the calculated and guessed values is less than 0.1%.

C. MODIFIED WILSON PLOT

The outside and inside heat transfer coeflicients could be determined directly by
measuring the vapor temperature, the tube wall temperature, and the coolant temper-
ature rise. Of these, the most difficult temperature to measure directly is the tube wall
temperature. This would require the use of instrumented tubes with thermocouples em-
bedded in the tube wall. Unfortunately, the manufacture of such instrumented tubes is
both costly and time consuming, especially when large numbers of tubes are to be tested.

An alternative to the use of instrumented tubes is to employ the "Modified Wilson
Plot” procedure. This procedurc has been outlined in detail by Marto {Ref. 10]. The
modified Wilson plot procedure relies upon the overall heat transfer coefficient being
reliably measured from experimental data. A summation of heat transfer resistances
from vapor-to-coolant is then expressed as:
1

1 Ay
= o +Ron +R, Ay + " ( ) > (5-16)

i

L
Uy

As mentioned above, the fouling resistance is assumed to be negligible. This summation

of resistances can be rearranged into a lincar equation:

1 (AN 1 ' _
[Uo Ron]—( Az) P (5-17)

In looking at the correlations given above for h, and A, it can be seen that they all
employ a leading coefficient. As an example, Nusselt theory, (equation 5-15) can be ex-

pressed in the form:
h,=aF (5-18)

where:

32
gk pihye

e
3
F= [—————u Vs } (5-19)

In a sinular manner, the equations for the inside heat transfer coeflicients (equations 5-4,

5-5, 5-8, and 3-9) can also be transformed into the form:
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h=CQ (5 - 20)

wherc the form of Q would depend on which type of tube insei. was being used. As an
example, using equation 5-5, Q would become:

k Re. \1:2357]05
Q=—;—|:1 + 5.434x10‘3pr§’-7<—-;i> } (5-21)

(]

The linearized version of the summation equation (equation 5-17) can then be rear-
ranged to give:

v

P P L & 5-22
T R P =t (5-22)

This is a linear equation with two unknowns, namely, C and a . Letting

Y=[ l} - RWAO:]F (5-23)
[
and

x=2f 5-24

we can obtain a simplified linear equation:

Y=mX+b (5 —25)
where
m=—L (5 - 26)
C
and
b= (5-27)
[»4

Since Q and F are both temperature dependent, an iterative solution procedure must be
used. This is accomplished by applying a least squares fit to the linear equation.

It should be pointed out that the accuracy of the modified Wilson plot procedure
relics heavily on the number of data points taken as well as the range of coolant veloci-
ties used.
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VI. RESULTS AND DISCUSSION

A summary of the experiinental runs performed in this thesis is presented in
Table 2. The a._r..iation “SM” is for the smooth copper tubes, “KD” is for the
KORZDENSE tubes, and “CF” is for the copper/nickel finned tubes.

Table 2.  SUMMARY OF EXPERIMENTAL RUNS

Data Set Tube type Insert Comments
SMO1 Copper Tape Test run
SMO02 Copper Tape Test run
SMO03 Copper HEATEX Test HEATEX correlation
SMO03 Copper HEATEX Tube A insert bad
SMO06 Copper HEATEX
SMO7 Copper Tape
KDo1 KORODEXNSE Tape Ist test of KORODENSE
KDQ2 KORODENSE None
KD03 KORODENSE HEATEX
KDo04 KORODENSE Tape
KDo035 KORODENSE HEATEX Wire wrapped
KDo6 KORODEXNSE HEATEX Wire wrapped
KDO07 KORODENSE HEATEX Wire wrapped
KDO08 KORODENSE HEATEX Wire wrapped
KDO09 KORODENSE HEATEX 0.049” Wire, bad insert
KD10 KORODENSE HEATEX 0.049" Wire
KD11 KORODENSE HEATEX 0.049” Wire
KD12 KORODENSE HEATEX 0.049” Wire
CFO1 Cu/Ni fin Tape dropwise condensation
CFo02 Cu/Ni fin Tape : Test run
CFo03 Cu'\Ni fin Tape
CF04 Cu'Ni fin HEATEX
CFO5 Cu/Ni fin None
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A. DECONTAMINATION

Prior to charging the svstem with R-113, the system was evacuated to approximately
15 inHg ard left for 24 hours. For this initial test, smooth copper tubes were used. The
ethylene glvcol coolant pumps were energized and flow started through the test
condenser tubes. The temperature of the ethylene glvcol was -15°C. No condensation
was seen on any tubes. In addition, the orange peel appearance noted by Mabrey [Ref.
2] was not observed.

After checking the evacuated system for possible contamination, the test platform
was charged with fresh R-113. Coolant flow was again started. No orange peel, or
dimpled appearance could be seen on the top condenser tube.

Power (~ 20 kW) was applied to the heaters while the coolant temperature was
raised to ~ 0°C. An orange pcel appearance was noted for the top tube. Measurements
of the vapor temperature at the top and bottom of the condenser showed approximately
a 20 °C differenuial.

A vacuum pump, connected to the top of the condenser, was used to remove any
noncondensible gases. When this was done, the temperature differential decreased to less
than 0.5°C. The orange peel appearance quickly disappeared from the top condenser

tube. This suggests that at least part of the contamination problem reported bv Mabrev

was due to the presence of noncondensibles.

In a subsequent series of experiments conducted on a set of titanium finned tubes,
a foreign substance appeared to build up on the tubes during the experimental run. This
occurred despite continuous operation of the vacuum pump. The tubes were removed
from the condenser and inspected. The {oreign material had an oily feel to it and an odor
similar to that of ethylene glycol.

The titanium finned tubes had smooth extensions (6” in length) attached to their
ends using epoxy. These extensions penetrated the nylon block and stecl plate and pro-
vided the smooth surface necessary for the O-rings to give an airtight seal between the
condenser and the atmosphere. When these tubes were removed from the condenser, it
was noted that the extensions on two of the tubes had come loose. The condenser was
opened for inspection. Upon removal of the end plate and shroud assembly, pools of
cthylene glycol were seen inside the condenser shell and on the auxiliary condenser tubes.
In addition, ethylene glycol was found around the shroud assembly. The entire
condenser and evaporator assembly were therefore dismantled and cleaned in accordance

with the procedures outlined in "Experimental Apparatus”.

42




After reassembly of the condenser and evaporator, the smooth copper tubes were
cleaned and reinstalled. Operation of the test platform failed to show any orange-pcel
or dimpled appearance on the tubes. In addition, all tubes demonstrated good filmwise
condensation.

It should be mentioned that in subsequent tests, copper/nickel finned tubes were
installed in the condenser. However, unlike the titanium finned tubes, the smooth ex-
tensions on these tubes were soldered. During system operation, no foreign material
was noted between the fins. Condensate retention between the fins was negligible. The
tubes demonstrated good film wise condensation.

In summary, it is believed that the contamination problems noted bv Mabrex [Ref.

2] were due to two problems. The first problem was the presence of noncondensibles

during operation of the condenser. This resulted in the relativelv low values for overall

heat transfer as well as the fact that the top tube, which would be most affected bv the

noncondensibles, had the lowest heat transfer. Secondlv, while it can not be proved

conclusivelv, the author believes that ethvlene elvcol mav also have been present in the

svstemn for certain tubes and that this is what was the material noted in between the fins
bv Mabrev.

B. OVERALL HEAT TRANSFER COEFFICIENT

In the following sections, the results pertaining to the overall heat transfer cocffi-
cient are presented. It is important to kecp in mind that this value is experimentally de-
termined and does not rely on any correlations other than for the fluid properties. In
addition, it should be mentioned that in the following graphs, tube A is the top tube in
the bundle, tube B the second, tube C the third, and tube D the bottom tube.

i. Smooth Copper Tubes

Figurc 8 shows the overall heat transfer coefficient, U,, plotted as a function

of coolant velocity. The tubes did not contain any inserts. Note the low values for U,.
These values are almost constant for velocities over the range of 0.2 to 0.7 m/s. In this
serics of experiments, Reynolds numbers were typically of the order of 300 to 2300 in-
dicating that flow is laminar. Without any insert to promote mixing, one would therc-
fore expect relatively low values for U, . This is bccause, in laminar flow, the inside
resistance to heat transfer is relatively large and therefore leads to a lower value for heat
transfer. Finally, there is essentially no difference between the tubes at low coolant ve-
locities. This suggests that with these relatively low condensation rates, inundation is not

a significant factor. At higher flow rate, it can be seen that the values for heat transfer
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start increasing and that differences between the tubes become more apparent. As
coolant velocity is increasing, {low is beginning to become turbulent. This reduces the
inside resistance to heat transfer which leads to an increase in the overall heat transfer.
As heat transfer increases, the effects of inundation become more apparent. This is pre-
sumably due to the outside resistance becoming more important as the inside resistance
becomes less important.

The results obtained when these smooth copper tubes were tested individually
1s shown in Figure 9. Here, all the tubes behave similarly. In addition, comparison with
Figure 8 shows that the values of U, for the tubes when tested individually are approx-
imately the same as for the top tube during the bundle run as one would expect.

The results for the same run with tape inserts installed are shown in Figure 10.
It can be seen that U, increases as coolant velocity increases. The values are clearly
greater than when no insert is used (approximately 50% greater) indicating the advan-
tage gained when enhancing the inside heat transfer coefficient in situations where
coolant flow is laminar. The effect of condensate inundation on the overall heat transfer
coefTicient is also clearly seen. Here, condensate inundation results in approximately a
15% decrease in U, when the top tube is compared to the second tube. Interestingly,
there appears to be little difference in the values for U, for tubes B, C, and D indicating
that the condensate film is of similar thickness for these tubes. The data for a similar
run performed by Mabrey [Ref. 2] is shown in Figure 11. The data obtained in the
present study is almost twice the values reported by Mabrey. In addition, the present
data shows that the top tube has the highest heat transfer which is to be expected as-
suming noncondensibles are not present. This was not the case in Mabrey’'s work.

The resuits for these same tubes when operated individually are shown in
Figure 12. All the curves are essentially the same with values for U, corresponding to
that obtained for the top tube during the bundle run. The maximum variation is about
12%.

The next series of experiments were performed on the smooth copper tubes with
the HEATEX elements installed. Figure 13 shows the results of these experiments when
the tubes were operated as a bundle. As with the experiments performed with the
twisted tape inserts, there is an increase in U, as coolant velocity is increased. In_this
case the increase is 100% in comparison to the case with no insert! Also, as in the pre-

vious experiment, condensate inundation appears to result in about a 15% decrease in
U, for the second tube compared to the top tube. There appears to be little difference
in the heat transfer coefficients for tubes B, C, and D, zlthough some effect may be ar-
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gued at the higher coolant velocities. This may reflect the fact that, at the higher coolant
velocities, the inside resistance decreases while the outside resistance increases in im-
portance. Anything which causes further increases in this resistance, such as condensate
inundation, may cause noticeable effects in heat transfer.

As before, these same tubes with the HEATEX inserts installed were tested in-
dividually; the results are shown in Figure 14. The values of U, for all four tubes are
virtually identical and match the values for the top tube obtained during the bundle run
(Figure 13). The values appear to be about 10% greater than for the tape insert ex-
periments indicating that the HEATEX provides better tube-side enhancement.

While the preceding figures have shown the effect of inserts and also inundation
on the heat transfer coefficient, two important questions must be addressed. First, what
is the uncertainty associated with the calculated values for U,. Secondly, the repeat-
ability of the data must also be examined.

An uncertainty analysis was performed on U, as shown in Appendix F based
on the procedures of Kline and McClintock [Ref. 54]. At the low coolant velocities, the
uncertainty was 5.2%. This uncertainty was based primarily on the uncertainty in the
mass flow measurement. Here, one must include a scalc interpolation term as well as a
term to account for the time-wise jitter for the flowmeter. Since the flow rate is low for
this coolant velocity, these two terms become more significant than at the higher flow
rates. This is especially true if the magnitude of the time-wise jitter is the same for all
flow rates which was the case in this study.

At high coolant velocitics, the uncertainty in the value for U, was about 5.6%.
Hecre, the major factor driving this valuc is the uncertainty in the determination of tem-
perature. The reason for this is that the AT between the tube inlet and outlet is smaller
than for low coolant velocities. Since the relative uncertainty for the thermocouples re-
mains the same regardless of coolant velocities, uncertainty in the temperature meas-
urement, specifically the LMTD, becomes the driving factor in determining the
uncertainty in U,.

The uncertaintv analvsis performed here was onlv for the overall heat transfer

coeflicient, L. In this analvsis, anv uncertaintv in the correlations used to determine the

phvsical properties of the ethvlene glvcol coolant or R-113 were neglected. Therefore,

the level of uncertaintyv reported here is slightlv conservative.

In order to examine the reproducibility of the data, repeat experiments were
performed on the smooth copper tubes with the HHEATEX elements installed. It is im-
portant to mention that during the time between the two runs, the tubes were removed
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from the condenser, cleaned and reinstalled. The results for the duplicate experiment are
shown in Figure 15. When these values are compared to Figure 13, differences of the
order of 3% is seen in the values of U, for the top tube. U, for the lower tubes are slightly
larger with a more pronounced difference between the tubes. However, these differences
all lie within the 6% uncertainty band indicating that the system gives good
reproducibility.

In a similar manner, the results for a repeat experiment on the smooth copper
tubes tested individually with the HEATEX installed is shown in Figure 16. When the
values for U, shown here are compared with those shown in Figure 14, no significant
differences are seen. Again, this demonstrates the good reproducibility obtained by this

svstem. However, a word of caution is in_order. In all the experiments reported here,

great care has been taken to control as manv variables as possible. Of particular im-

portance is to ensure that the heater power levels are set at the same level for each ex-
periment. This will tend to keep vapor velocity in the condenser at similar levels for each
experiment which will result in better repeatability.

The effects of having no insert as opposed to the twisted tape or HEATEX in-
sert 1s shown in Figure 17. In this figure, the values for U, for the top tube only have
been plotted as a function of coolant velocity for the smooth copper tubes. As previously
noted, without any insert, coolant flow is laminar and U, is relatively constant up to
about 0.7 m’s. When either the twisted tape or HEATEX inserts are installed, U, in-
creases markedly as coolant velocity increases. Interestingly. the HEATEX results in
about a 10 to 14% increase in U, when compared to the twisted tape inserts. Hence,
from a heat transfer standpoint, the HEATEX element is the better insert. This is
probably because the wire loops which make up the insert, touch much of the inside
surface of the tube thereby "scrapping” the thermal boundary laver from the wall. With
the twisted tape insert, mixing is provided only by inducing swirling which is probably
not as an effective mechanism.

2. Copper/Nickel KORODENSE Tubes

The results obtained for the overall Heat transfer coeflicient, U,, for
KORODENSE tubes operated as a bundle are shown in Figure 18. This serics of ex-
periments was perfermed without any inscrts installed. Note the similarity between these
results and those obtained under similar conditions with the smooth copper tubes (Fig-
ure 8). Again, values of U, appear relatively constant for coolant velocities up to 0.7

m s. As coolant velocity increases further, values of U, increase dramatically. In addi-

53




UZERO SMOOTH COPPER TUBES
SMO03, R-113, BUNDLE, HEATEX

1000.0

LEGEND
o=TUBE A

900.0

a=TUBE C
+=TUBED

800.0
(2]

L

1}

1]
£

+‘§ "‘P‘G""""“;‘"

VELOCITY (M/SEC)

Figure 15. Repeat run on smooth copper tubes with HEATEX insert.

54

3 :
o : : :
g3 : T T T :
52-« S S S ey rergee J +
: ? : A : : :
S : ) ! A : H t ! s
e : 9 : s + s :
N @ 4 + :
P s 6 a + : : : { : :
© ; + ; : : : : : ;
o : H ! H
e i H H i
L] ' : : :
[ {
P : : : :
e ; : i i i i i i i i
i Rl T T A T 1 L) 1 T ) 1
01 0.2 0.3 0.4 0.6 0.6 07 08 08 1 1.1 1.2

1.3




1000.0

UZERO SMOOTH COPPER TUBES

SM03, R—113, SINGLE, HEATEX

UZERO (W/M**2 K)
800.0 7010.0 800.0 9&0.0

5010.0

400.0

0.1 0.2

Figure 16.

0.3

0.4

0.6

T N
NI B B
: : : : : : : + :
R : °
T . UL
o g %
g
1o LEGEND
B N S —
o=TUBE B
g a=TUBEC
+=TUBE D

T f ' T
07 08 08 1 11 12

0.8
VELOCITY (M/SEC)

Repeat run on smooth copper tube with HEATEX. Individual runs.

55

1.3



EFFECT OF INSERTS
SMOOTH COPPER TUBES

1000.0

LEGEND -
o = NO INSERT
o = TWISTED TAPE INSERT
& = HEATEX INSERT

900.0
1

5010.0
t

1
o

UZERO (W/M**2 K)
BOIO.O 700.0
>
L 3
B [c
o
3

50lo.0
t

1
]
1]

400.0

& 8

300.0

..%Q.... .

0.1 0.2 0.3 0.4 0'.6 OI.G 0l.7 0.8
VELOCITY (M/SEC)

Figure 17. Effect of tube inserts on U,

56




tion, an effect of condensate inundation begins to be apparent at these higher coolant
velocities.

Results obtained when these same tubes were operated individually are shown
in Figure 19. Again, when there is no inundation, all tubes have similar bchavior. In
addition, the values obtained here match those obtained for the top tube during the
bundle experiment (see Figure 18). Interestingly, the relative magnitude of U, is re-
markably similar to that obtained for the smooth copper tubes (Figure 9). This is
somewhat surprising. The KORODENSE tubes are corrugated on both the inside as well
as the outside. Therefore, one would have expected somewhat higher values for heat
transfer with the KORODENSE than with the smooth copper tube.

Values of U, for the KORODENSE tubes with the twisted tape ins._.s installed
are shown in Figure 20. This data was obtained during bundle operation. As coolant
velocity increased, U, increased stcadily. This was true for all four tubes. The effect of
inundation reduced U, by about 15% (tube B relative to tube A). There appeared to be
more separation in the values of U, for tubes B, C, and D than was the case for the
smooth copper tubes (see Figure 10) suggesting a greater inundation effect. In compar-
ison with the data obtained for the smooth copper tubes, the KORODENSE tubes re-
sulted in a slight increase (about 6 to 8%) in U, This difference may be due to the fact
that the insert reduces the inside heat transfer resistance so that the accuracy of the
measurement is improved.

The results obtained for these same tubes operated individually are shown in
Figure 21. As expected, all four tubes behave similarly when no inundation is present.
In addition, the values for U, match those obtained for the top tube during the bundle
oneration (Figure 20). In comparison to the smooth copper tube data (Figure 12), the
data for the KORODENSE tubes appears somewhat higher (about 6 to 8%). However,
given the known uncertainty, this difference is probably not significant.

Results obtained for the KORODENSE tubes during bundle operation with the
HEATEX elements installed are shown in Figure 22. Note that U, again increases
markedly for all four tube as coolant velocity increases. An inundation effect can be seen
for tubes B, C, and D which is similar to that seen in the twisted tape runs. Tube B
shows approximately a 15% decrease in U, compared to tube A. This effect is magnified
at higher coolant velocities (condensation rates) as one would expect. When this data is
compared to that obtained for the smooth copper tubes with HEATEX installed (see
Figure 13), it can be scen that U, is greater for the KORODENSE tubes. This suggests
that roping of the tube provides some enhancement for the outside (and possibly the
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inside) heat transfer coefficients. While we expect some small difference, it must be
pointed out that the differences observed here are at the bounds of the calculated un-
certainty.

Results for these tubes tested individually are shown in Figure 23. As before,
the values of U, are similar for all four tubes and match the values obtained for the top
tube during the bundle experiments (see Figure 22). In comparison to the data obtained
for the smooth copper tubes, the values of U, are somewhat higher as expected, but are
still at the bounds of the calculated uncertainty.

The effect of using no insert, twisted tape and HEATEX on U, can be seen in
Figure 24. The data are for the top tube only. Note that, as with the smooth copper
tubes (Figure 17), the HEATEX results in about a 10 to 14% increase in U, in com-
parison to the twisted tape insert. Both provide significant enhancement in U, when
compared to no insert (almost 100% enhancement). As with the smooth copper tubes,
when no insert is used, U, appears relatively constant for coolant velocities over the
range of 0.2 to 0.7 m/s indicating laminar flow.

3. Wire Wrapped KORODENSE Tubes

This series of experiments was performed to determine an optimum wire diam-
eter as discussed in “Experimental Procedure”. All tubes were tested individually and all
had HEATEX mixing elements installed. Figure 25 shows U, as a function of coolant
velocity for the case of an ordinary KORODENSE tube together with tubes wrapped
with 0.029”, 0.049” and 0.0675" diameter wire, each tested in the to;ﬁ position (tube A).
The 0.049” diameter wire gives the biggest enhancement in U, (about 25%). While the
other two wire diameters also provide enhancement in U, (about 15%), it is below that
of the 0.049” wire. The no wire case agrees with the previously obtained data (see
Figure 22).

Figure 26 shows similar data but in this case for tube B. Again, the 0.049” di-
ameter wire provides the greatest enhancement in U, (again about 25%).

Figure 27 shows what happens when the different diameter wires are used on
tube C. In this case an interesting fact can be observed. Here, both the 0.049” and 0.029”
wire provide virtually the same degree of enhancement for U, (about 20%) with both
being better than the 0.0675” wire. Figure 28 shows the results obtained for tube D.
Note that whue the 0.045” wuo again provides the greatest degree of enhancement for
U, (about 16%), the differences between the three different diameter wires are not as

great.

62




UZERO KORODENSE TUBES
KDO03, R-113, BUNDLE, HEATEX

1000.0

LEGEND

9010.0

o= TUBE B T
2 =TUBE C P ;
+=TUBED : H : : :

800.0
L
)
1
+

700.0
i
b

UZERO (W/M**2 K)

800.0
1
3O
]
]
]

.....»..o.g............... .%...................g..............‘....é...................

5010.0
¥
?
i

s D rrasen

0.1 o'.z 0'.3 0'.4 d.b 0'.O 0'.7 0'.8 0'.9
VELOCITY (M/SEC)

" 400.0
-
- naccsssevsasssmancate

Figure 22. KORODENSE tubes with HEATEX inserts, bundle operation.
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Figure 27 and Figure 28 suggest that the position of the wire wrapped tube
within the bundle may aflect the overall heat transfer coefficient. In order to gain further
msight on this, the data obtained from these experiments was replotted so that U, for a
given wire diameter was plotted as a function of coolant velocity for all four tube posi-
tions. The data for the tube without any wire is shown in Figure 29. The data is all very
similar and no distinct trends are evident. Note that comparison of this data with
Figure 23 again demonstrates the reproducibility of the system.

Figure 30 (0.029” wire diameter) shows that tubes A, B and C behave similarly.
Tube D produces consistently lower values for U, than the other tubes. Figure 31
(0.049” wire) demonstrates what appears to be a positional effect on U,. The data for
tube A and B i1s virtually identical and lies above that of tubes C and D which are also
virtually identical. Figure 32 suggests that there is also a positional effect for the
0.0675" wire. The top tube scems to provide the greatest enhancement in U,. The level
of enhancement for tubes C and D are approximately the same, both being lower than
tubes A and B.

Figure 33 shows U, piotted as a function of wire diameter for an arbitrarily
chosen coolant velocity of 1.0 m/s. Note that the strongest positional affect appears to
be for the 0.049” wire. Also, it is clearly evident that the 0.049” wire provides the greatest
enhancement for heat transfer.

The possible positional effect may be due to vapor velocity. Although the ve-
locity of the vapor was very small in this study (approximately 0.1 m/s) there may still
be an effect. As the vapor penetrates the tube bundle, it slows down. As its velocity is
reduced, it can no longer help to strip condensate from the tubes. Hence, heat transfer
is decrcased. This effect looks much like an inundation effect. An interesting point is
why this shows up in these experiments and not with the plain KORODENSE or
smooth copper tubes. With the wire wrapped tubes, the condensate layer is presumably
thin. Therefore, anything which could help to thin it further would be of importance in
improving heat transfer. The loss of this small amount of vapor shearing may be im-
portant in this case. )

In this study, the 0.049” diameter wire appears to give the best enhancement in
heat transfer (see Figure 33). This yields a pitch to wire diameter ratio of 7.2. Fujii et
al. [Ref. 33] found that for condensation of R-12 on wire wrapped smooth copper tubes,
the optimal pitch-to-wire diameter ratio was on the order of 2. This difference could be
due to our use of the KORODENSE tubes. For a pitch-to-wire diameter ratio of 2, we
would have had to use wire which was of the order of 5 mm in diameter. This would have
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been unrealistic for our experiments. It may be that the optimal pitch-to-wire diameter
may in fact be about 2. Additional experiments need to be performed with different
pitch KORODENSE tubes.

4. KORODENSE Tubes Wrapped with 0.049” Wire

Once the optimal wire diameter had been determined, two identical experiments
were performed on the KORODENSE copper/nickel tubes wrapped with the 0.049” di-
ameter wire. The reason that two experiments were performed was to check the repeat-
ability of the data. Figure 34 and Figure 35 show the results from these two experiments
for bundle operation of the tubes. The two experiments show excellent repeatability. In
comparing these results with the non-wire wrapped tubes (Figure 22), several interesting
points can be made. The values of U, for all four tubes are greater for the wire wrapped
tubes than for the plain tubes (approximately 16% for the top tube). In addition, the
inundation effect (seen as a lowering of U,) is reduced for the wire wrapped tubes.
Finally, note that the differences between the tubes are more apparent than for the
non-wire wrapped tubes. This suggests that the wire wrapping may have an effect upon
condensate inundation. This will be addressed in more detail later.

Figure 36 and Figur 37 show the results obtained when the tubes wrapped
with the 0.049” diameter wire were operated individually. All the tubes behave similarly
and demonstrate good reproducibility between the two runs.

5. Copper/Nickel Finned Tubes

Figure 38 shows the results obtained when no insert was installed and the tubes
were operated as a bundle. Comparison of these results with those shown in Figure 8
for the smooth tubes shows that the finned tubes yield higher heat transfer coefficients
as expected (approximately 12%). Also, as with the smooth copper tubes, the top tube
again displays the highest value of U,, due to the fact that the lower tubes suffer from
condensate inundation. The single tube data for the finned tubes is shown in
Figure 39. All four tubes are virtually the same as the top tube during bundle operation.

Figure 40 and Figure 41 show the results obtained for the finned tubes with the
tape insert :nstalled during bundle and individual tube operation respectively. In bundle
operation, che values of U, are nearly double those obtained for both the smooth copper
tubcs (Figure 10) and the KORODENSE tubes (Figure 20) using similar inserts. As
with the smooth and KORODENSE tubes, inundation again causes a reduction in U, .
This reduction for the second tube appears to be about 10%. Comparison of the single

tube operation (Figure 41) with the bundle operation (Figure 40) shows that all four
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tubes operated individually have approximately the same value of U, as the top tube
during the bundle operation.

Data obtained from experiments on the copper/nickel finned tubes with the
HEATEX elements installed are shown in Figure 42 and Figure 43 for bundle and in-
dividual tube operation respectively. Note that in comparison with the tape insert ex-
periments (Figure 40 and Figure 41), use of the HEATEX inserts results in about a
20% increase in U, which again indicates the improvement afforded by using this type
of insert. Again the inundation effect results in a decrement of 10 to 14%. During in-
dividual tube operation, all four tubes again behave like the top tube during the bundle
operation.

As with the smooth copper tubes and the KORODENSE tubes, the effects of
using different types of inserts can be summarized. This has been done in Figure 44.
This data is for the top tube only. The similarity with data from the other tubes (see
Figure 17 and Figure 24) is good with HEATEX yielding approximately a 20% increase
in U, over the twisted tape insert and a remarkable 200% increase over the case with no

insert!

C. OUTSIDE HEAT TRANSFER COEFFICIENT

The following figures deal with the outside heat transfer coefficient, 4,. In all cases,
except as specifically noted, the outside heat transfer coefficient was determined using
the modified Wilson Plot procedure. As before, tube A is the top tube with tube D being
the bottom tube in the bundle. In addition, no values were obtained for A, for exper-
iments which had no insert. The reason for this is that, for the coolant velocities used,
without inserts, the inside resistance was simply too large for any accurate results to be
obtained for A,.

1. Smooth Copper Tubes

' Figure 45 and Figure 46 show the values obtained for A, for the smooth copper
tubes with the tape insert installed during bundle and individual tube operation respec-
tively. Several features deserve comment. First, values of A, for the top tube are below
those predicted by Nusselt thcory. These differences range from about 15% at low
coolant velocities to about 7% at the higher coolant velocities. In addition, note the
inundation effect (seen as a reduction in A, for tubes B, C, and D). Reductions in A, range
from 28% to 19% as coolant velocity increascs from 0.2 to 1.2 m/s respectively. As was

the case for the overall heat transfer coeflicient, when the tubes were operated individ-
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ually, all had values for A, which were virtually identical to those obtained for the top
tube during bundle operation.

Figure 47 and Figure 48 show values for A, obtained when the HEATEX ele-
ments were installed in the copper tubes during bundle and individual tube operation
respectively. As was the case for the tape insert, values of A, range from about 10 to
14% below that predicted from Nusselt theory. Again, there is a substantial inundation
effect which results in a 15 to 18% decrease in A, when comparing the top tube to the
second tube. Note that the values for s, obtained for the individual tubes agree with
those obtained for the top tube during bundle operation. Finally, comparison of the
value for A, obtained when the tape inserts were used as opposed to the HEATEX ele-
ments reveal no effect on A, which is to be expected since we are examining the outside
heat transfer coefficient.

It is interesting to note that Goto et al. [Ref. 5] found that values of A, for
R-113 condensing on long, smooth copper tubes were about 10% below that predicted
by Nusselt theory. Marto et al. [Ref. 8 ] found that the vapor-side heat transfer coefli-
cient for R-113 condensing on short (0.133m) smooth copper tubes was in relatively
good agreement with Nusselt theory. This result was subsequently confirmed by Michacl
et al. [Ref. 32]. However, it is important to point out that both the latter reports used
very short condenser tubes. The tubes used by Goto et al. were about 0.6 m in length,
while the tubes used in this study had a condensing length of 1.2 m. Hence tube length
may be an important consideration. The reason for this is as follows. The coolant en-
ters the condenser tube with a given inlet temperature. As the coolant flows through the
tube, the coolant temperature increases. The wall termperature is also changing down
the length of the tube. At the tube entrance, the temperature difference between the tube
wal and the vapor saturation temperaturc causes the formation of a thick condensate
layer. This layer is thinner at the tube outlet due to the smaller wall-vapor saturation
temperature difference. This causes condensate to flow in the axial direction. These fac-
tors taken together imply that the temperature difference is a function of the length of
the tube. Tiis factor is not taken into account in the Nusselt analysis. As coolant ve-
locity increases the difference betwee the coolant inlet and outlet temperatures is re-
duced. The wall temperature becomes more constant along the tube length so that values
for h, are in better agreement with those determined experimentally.

The eflect of using the twisted tape and HEATEX insert on the inside and out-
side heat transfer coefficients is demonstrated in Figure 49 and Figure 50 respectively.
In both cases, the values for A, are virtually identical as expected. However, the
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HEATEX elements essentially double the inside heat transfer coefficient. This is what
provides the improvement in overall heat transfer coeflicient when the HEATEX ele-
ments are used.

Th- efiects of inundation were cxamined by calculating an average and a local
heat transfer coefficient. The local 4, is found by dividing the value for A, for a given
tube by the value for the top tube. Values obtained are then compared with Nusselt
theory (Eq. 2-18) and the Kern model (Eq. 2-20). The average heat transfer coeflicient
1s determined by taking an average value of A, for the tube of interest plus the tubes
above it and dividing this value by A, for the top tube. Values obtained are then com-
pared to Nusselt theory (Eq. 2-17), the Kern model (Eq. 2-19), or the Eissenberg model
(Eq. 2-12). For both the local and average values, the flatter the curves, the less the ef-
fect of condensate inundation.

The effects of inundation on A, for the smooth copper tubes are shown in
Figure 51, Figure 52, Figure 53 and Figure 54 at three arbitrarily chosen coolant ve-
locities. As expected, there is virtually no difference on the local or average values of the
heat transfer coefficient when the tape insert is used as opposed to the HEATEX ele-
ment. In addition, the values for the average heat transfer coefficient lie in between the
values predicted by the Kern and Eissenberg models (equations 2-19, and 2-21). Values
for the local heat transfer coeficient lie slightly above those predicted by the Kern model
(equation 2-20). These results suggest that Nusselt theory is too conservative with re-
gard to the effect of condensate inundation. It is interesting to note that the main
inunJation effect occurs for . 1e second tube with little additional effect for subsequent
tubes in the bundle. This again supports the notion that the smooth copper tubes can
only support a limited amount of condensate

2. KORODENSE Tubes

Figure 55 and Figure 56 show values for A, for the KORODENSE tubes with
the tape inserts installed. The figures show data obtained when the tubes were operated
as a bundle and individually respectively. The values of £, for the top tube are above that
predicted from Nusselt theory which is due to the small enhancement provided by the
roping of the tubes. This enharicement is approximately 15 to 20% in comparison to the
smooth copper tubes. As with the smooth copper tubes, there is again a substantial ef-
fect of inundation (on the order of 20% for th~ second tube compared to the top tube).
There 15 also more scparation between the values of A, for tubes B, C, and D than for

the smooth coppar tubes indicating that the lower tubes may not be “saturated” with




SMOOTH COPPER TUBES
TOP TUBE, TAPE INSERT

7000.0

8000.0
1
)
t
3
t

LEGEND
o = QUTSIDE COEFFICIENT

[— o = INSIDE COEFFICIENT -

5040(1.0

HEAT TRANSFER (Y/M**2 K)
30?0.0 ‘0?0.0
H
{ 7
1]
i

2000.0
F
H
i
9
H
4

10?0 0
i €
a
2]
3]
1]
&
L1
o4

0.0

Ol.b —‘0.6 0'.7 6.8 0.9 1.0
VELOCITY (M/SEC)

o
°
o
-
© e
» i
]
7]
©
»

Figure 49. Effect of tape insert on 4, and 4,

95

1.3




SMOOTH COPPER TUBES
TOP TUBE, HEATEX INSERT

7000.0

00?0.0
t
d

LEGEND A
0 = QUTSIDE COEFFICIENT : ! :

o = INSIDE COEFFICIENT A SO S

50(1)0.0

40?0.0
t
i
i
i
i

30?0.0
¢
¢
H

HEAT TRANSFER (W/M**2 K)
)

20]00.0
i
i
H
1
i

lo?o (1]

]

o

[}
q

q

f

d

o

1]

&

¢

0.0

) ' . 04 056 08 07 08 09 1.0 L1 12
VELOCITY (M/SEC)

(-]
Q
o
-
N
[«]
[ ]

Figure 50. Effect of HEATEX insert on 4, and A,

96




HEAT TRANSFER COEFFICIENT
SMOOTH COPPER TUBES, TAPE INSERT

o
-]
£
&
o
-
-
[&]
Q
T N e N N
° LEGEND
o = NUSSELT
0 =KER N/SEC
a=04M :
] # 208 M/SEC it ssisnnissisnanse e
-
© H
1 2 3 H

TUBE NUMBER

Figure 51. Local A, for tape insert.




HEAT TRANSFER COEFFICIENT
SMOOTH COPPER TUBES WITH HEATEX

Ny
S
- :
S
-1 :
>~ :
Z i
=P
- :
< :
o H
o H
o
< :
LEGEND :
o = NUSSELT :
o = KERN
. a=0.4 M/SEC |
i S + = 0.8 M/SEC :
x = 1.2 M/SEC
.
o H
1 2 3 x

TUBE NUMBER

Figure 52, Local A, for HEATEX element.

98




HEAT TRANSFER COEFFICIENT
SMOOTH COPPER TUBES, TAPE INSERT

1

H(N)AVG/H(1)
0.7

LEGEND
o = EISENBERG ;
o = KERN
a = NUSSELT e e e e ek e e
+=0.4 M/S
x =0.8 M/S
o=12M/S

0.6
§

0.5

0.4

TUBE NUMBER

Figure 53. Average h, for tape insert.

99




HEAT TRANSFER COEFFICIENT
SMOOTH COPPER TUBES WITH HEATEX

g
S
=
Z LEGEND
= o = EISENBERG :
© o = KERN :
St 4 2 NUSSELT

' += 0.4 M/SEC

x = 0.8 M/SEC :

©=1.2 M/SEC

i 38 :

-

(-] !

1 z 3

TUBE NUMBER .

Figure 54. Average A, for HEATEX element.

100




condensate. Finally, note that the relative values for A, for the KORODENSE tubes are
about 10 to 15% higher than the corresponding values for the smooth copper tubes.

The data for the KORODENSE tubes operated individually show much more
scatter than was seen for the smooth copper tubes especially at low coolant flow rates.
Also, rather than being virtually identical with those obtained for the top tube during
bundle operation, the values of A, lay scattered between those for the top tube (bundle
operation) and the vz.ues predicted by Nusselt theory. Presumably, this is due to either
inaccuracies or uncertainty in the inside correlation especially at low coolant flow rates.
At higher coolant velocities, the scatter appears to be within about 10%.

Values for A, for the KORODENSE tubes obtained when the HEATEX ele-
ments were installed are shown in Figure 57 and Figure 58 for bundle and individual
tube operation respectively. As with the experiments conducted with the tape inserts
installed, values of h, again lie above those predicted by Nusselt theory. The enhance-
ment appears to be approximately 15 to 20%. Again there is a substantial inundation
effect which is of the order of 20% for the second tube in comparison to the top tube.
The data obtained for the individual tube operation shows less scatter. However, values
for all the tubes again lie between those predicted by Nusselt theory and those obtained
for the top tube during bundle operation.

As with the smooth copper tubes, the effects of changing inserts on the inside
and outside heat transfer coefficients are shown in Figure 59 and Figure 60. The inside
heat transfer coefficients are identical to those of the smooth copper tubes (Figure 49
and Figure 50). It was felt that the enhancement provided by the roping would be much
less than the enhancement provided by the inserts. Therefore, the same correlations
were used to determine the inside heat transfer coeflicient. The values for h, are slightly
greater for the KORODENSE tubes than for the smooth copper tubes (approximately
5 to 10%).

Figure 61 and Figure 62 show the local heat transfer coefficient for the four
tubes for the tape insert and the HEATEX elements. There is virtually no difference
between the two. The values lie above the Kern estimate. Figure 63 and Figure 64 show
the average heat transfer coeflicient for the four tubes with both inserts. The differences
for values using the tape inserts as opposed to the HEATEX elements are again negli-
gible. The average values for A, also lie just above the Kern model. This is in contrast to
the smooth copper tubes where the average values lay near the Nusselt estimate. This
suggests that the effect of condensate inundation is indeed less for the KORODENSE
tubes.

101




HZERO KORODENSE TUBES
KDO4, R—113, BUNDLE, TAPE INSERT

: m
LEGEND
¢ : ; § ; : : | o =H NUSSELT
........ v O = TUBE A P
: .? : : : : :| a=TUBEB
: 0 6 : : : | +=TUBEC
B B b b i) X=TUBED

1500.0

1400.0
A
]
i
i

l3(|)0.0
]
9
i

HZERO (W/M**2 K)

? o 5 o :

o i : : : : H . H
Y : : : : ; : : : i ©
g : =] : ; : : : : : !
2 i s e
- : : : Q : : : : : :

: : H H [n} : : B ; :
e : ! ; : D : ; : :
= O S A SOOI SO SOV ROV SOOIV NI D
= : 4 : A : : ; i : = o}

: : A : : A : : : : ;

2 S S . S iy
© DS SO PU SURUOPORURE ORI AUt Z A e A et
e : : ; : : : : :

' % : : ; + + +
o s ; : ; + + : T z s
= et eebeemase e srae e s e oo by L. L e
a T S -

+ : + : 5 :
e : + : : i H
) : : : : H
S- : H i i .
(-] : : : :
o : : :
(24 : H [ ! ! ¢ : ¢ !
b ¥ 1 1 ) 13 1] T L 1 + N
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 1.8

VELOCITY (M/SEC)

Figure 55. KORODENSE tubes, tape insert, bundle operation.

102




HZERO KORODENSE TUBES
KDO4, R-113, SINGLE, TAPE INSERT

13?0.0 14(1)0.0 1500.0
? i
t
i i

|
o

12?0.0
]
a
b
t
i

HZERO (W/M**2 K)
10?0.0 11([)0 0

]

]

9(}0 0
-4
0
3
(o]
t
o]
@]

1

700.0 800.0

o : f: A B

e tremeeiseeditcrscstnas s heasasrentrnitacsanresvsttiratonnccnacoduanntntrirarstncanscsisasadhrsrrrtorretrharreararentrshaccecactirandusonatocncaiabiannraareres

02 03 04 05 06 07 08 08 10 L1
VELOCITY (M/SEC)

[=]
.
—

Figure 56. KORODENSE tubes, tape insert, individual operation.

103

12 13




HZERO KORODENSE TUBES
KDO03, R-113, BUNDLE, HEATEX

1500.0

. : . LEGEND
e senieseeninen] @ = H NUSSELT
¢ : ? c=TUBE A
a=TUBE B
+=TUBE C

|
i

1400.0

1300.0
A
i

12?0.0
b
]
13

HZERO (W/M**2 X)
ll(l)o 0
'
a
1]

IO?0.0
1
i

900.0
1 .
+ X
i
) B2 X 3
S VNN SNSRI YRS NS SO
]
1
-’

!
$

x = TUBE D .. ............ .......... ............

© 7700.0 000.0

o
~

02 03 04 05 06 07 08 08 1.0
VELOCITY (M/SEC)

Figure §57. KORODENSE tubes, HEATEX insert, bundle operation.

104

1.1

1.2 1.3




HZERO KORODENSE TUBES

KD03, R-113, SINGLE, HEATEX

1500.0

LEGEND
oc=TUBE A
: : : _ c=TUBEB

i : ..+ | a=TUBEC

14?0.0

13?0.0

HZERO (W/M**2 K)
9({0.0 10?0.0 ml)o 0
8
19
) ]

1
3

700.0 800.0

£200.0
1
J?
}
+
i

T T 1 ¥

e
<

T T i
0.2 0.3 0.4 9.6 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

T L 1 T

VELOCITY (M/SEC)

Figure 58. KORODENSE tubes, HEATEX insert, individual operation.

105




KORODENSE COPPER/NICKEL TUBES

TOP TUBE, TAPE INSERT

7000.0

00?0.0
}

LEGEND
o = QUTSIDE COEFFICIENT
o = INSIDE COEFFICIENT

50(110.0

HEAT TRANSFER (W/M**2 K)
2000.0 3000.0 4000.0
J._ 1 1
(6]

1000.0
i
i

0.0

01 02 03 04 06 06 07 08
VELOCITY (M/ SEC)

e
=]

Figure 59. Effect of tape insert on A, and 4,

106

1.0 1.1

1.2

1.3




- KORODENSE COPPER/NICKEL TUBES

TOP TUBE, HEATEX INSERT

7000.0

00?0.0
3

LEGEND
© = INSIDE COEFFICIENT

5000.0
1

HEAT TRANSFER (W/M**2 K)
3000.0 4000.0
1 i
[o)
o

2000.0
1
[>]

10(1)00
i
a
o)
Q
n
Q0
a

0.0

& = OUTSIDE COEFFICIENT P

004 02 03 04 ©5 068 07 08 0.9
VELOCITY (M/ SEC)

e
)

Figure 60. Effect of HEATEX insert on A, and A,

107

1.3




HEAT TRANSFER COEFFICIENT
KORODENSE TUBES, TAPE INSERTS

S 2
5 S .....' e
o :
< M
| ;
< :
= i
! LEGEND ;:
o = NUSSELT g
o = KER
w a=04 /SEC
PN DU +=0.8 M/SEC RS
x = 1.2 M/SEC
2
1 2 3 4
TUBE NUMBER
Figure 61. Local A, for tape insert.

108




HEAT TRANSFER COEFFICIENT
KORODENSE TUBES WITH HEATEX

e
2
]
o
~
Z e
= o7
o |
<
&)
c
~o
° LEGEND
o = NUSSELT
o = KERN | :
. 2=04 M/SEC | g
prg - = oe M/SEC ....................
x=12 M/SEC  |:
-
o :
1 2 3 4

TUBE NUMBER

Figure 62. Local /i, for HEATEX element.

109




HEAT TRANSFER COEFFICIENT
KORODENSE TUBES, TAPE INSERT

<
2
© :
[-]
g
o |
z°
Z LEGEND
= o = EISENBERG :
© o = KERN ;
+ = 0.4 M/SEC
x = 0.8 M/SEC ;
o =1.2 M/SEC
-
e ;
1 2 3 4

TUBE NUMBER

Figure 63. Average A, for tape insert.

110




HEAT TRANSFER COEFFICIENT
KORODENSE TUBES WITH HEATEX

- §
© ] '
o
o ';'
£
5. 4
=
£ LEGEND
= o = EISENBERG
© o = KERN g
St s = NUSSELT
+=0.4 M/SEC ;
x = .8 M/SEC :
° =1.2 M/SEC
pi R i B
2
e :
1 2 é 4

TUBE NUMBER

Figure 64. Average h, for HEATEX element.

111




3. Wire Wrapped KORODENSE Tubes

The effect on A, of wrapping wire around the KORODENSE tubes is shown in
Figure 65, Figure 66, Figure 67 and Figure 68. In viewing these figures, one should
remember that the values for the unwrapped KORODENSE tubes were about 10%
greater than predicted from Nusselt theory and about 15% greater than for the smooth
copper tubes. From the figures, it appears that the 0.049” diameter wire results in the
greatest enhancement in A, for all four tube positions. However, the relative magmtude
of the enhancement decreases as lower tubes are examined. Since this data was obtained
during individual tube operation, the results are not due to condensate inundation.

Values for A, are shown for each wire diameter in all four tube positions in Fig-
ure 69, Figure 70, Figure 71 and Figure 72. When no wire is used, the results are the
same as those shown in Figure 58. For the 0.029” wire, positions A and B are essentially
identical with tube C showing the greatest enhancement and tube D the worst. The
magnitude of the deviation is about 20%. The 0.049” diameter wire results in the best
enhancement in h, regardless of position. However, note that position D is not over-
whelmingly greater than for the 0.029” wire. The data show that the level of enhance-
ment depends upon bundle position. The top tube positions behave similarly while
positions C and D show reduced levels of enhancement Finally, the 0.0675" diameter
wire yields values for A, which are nearly the same although a positional effect appears
evident. An interesting comparison are the values for 4, for the 0.049” and 0.0675" wire
in the fourth position. Here it appears that the 0.0675” wire gives roughly the same level
of enhancement especially at high coolant velocities.

4. KORODENSE Tubes Wrapped with 0.049” Wire

The effects on A, of wrapping 0.049” diameter wire on KORODENSE tubes on
are shown in Figure 73 and Figure 74. These two experiments are identical runs. In
both cases, there is a substantial improvement in A, for all tubes when compared to val-
ues predicted from Nusselt theory. It is interesting to notc that even though tubes B,
C, and D are all being inundated, the values for A, are still well above Nusselt theory
(32% for tube A, 28% for tube B, 22% for tube C and 16% for tube D). In comparison
with the non-wire wrapped KORODENSE tubes, wrapping with the 0.049” diameter
wire vields an increase of about 70% for tubes A and B and about a 30 to 50% increase
for tubes C and D. Comparison with the top smooth tube yields almost a 90% increase
in A,

The results for the single tube runs are shown in Figure 75 and Figure 76. Both

runs demonstratc considerable scatter in the data of about + 22%. It is also interesting
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Figure 71. Effect of 0.049” wire on A, for all tubes.
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Figure 72. Effect of 0.0675” wire on A, for all tubes.
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0.049” wire wrapped KORODENSE tubes, bundle operation, expt. 1.
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0.049” wire wrapped KORODENSE tubes, bundle operation, expt. 2,
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to note that the data for these single tube runs is somewhat higher than for the bundle
runs (of the order of 11%). This may be due to uncertainty in the correlations used for
h, which are reflected in A,

The values for the average and local vapor-side heat transfer coefficients are
shown in Figure 77, Figure 78, Figure 79 and Figure 80 for the two experiments con-
ducted with the 0.049” wire wrapped KORODENSE tubes. The average vapor-side heat
transfer coefficient is equal to that predicted by the Eissenberg model whereas the local
vapor-side heat transfer coefficient is substantially above the Kern estimate. Recall that
for the plain KORODENSE tubes, the average heat transfer coeflicient was above the
Kern estimate but below that predicted by the Eissenberg model. The local heat transfer
coefficient was just above the Kern estimate. The differences between the plain and
wire-wrapped KORODENSE tubes demonstrate that wrapping the tubes with wire
substantially reduces the effects of condensate inundation.

5. Copper/Nickel Finned Tubes

The values for h, obtained from experiments on copper/nickel finned tubes using
the tape inserts are shown in Figure 81. The values obtained for the top tube are ap-
proximately 7 times greater than predicted by Nusselt theory. Condensate inundation
caused about a 35% decrease in A, {or the second tube.

The values for h, obtained using the same tubes but with the HEATEX elements
are shown in Figure 82. In comparison to the values obtained for the tape inserts {see
Figure 81), this data appears very scattered with enhancement over Nusselt theory of
the order of 10 to 15 fold. This is a large discrepancy. It is possible that the correlation
for the small diameter HEATEX element may be suspect. The data supplied by CAL
GAVIN was collected on smooth copper tubes with a diameter similar to that of our
copper/nickel finned tubes. This data was collected over a lower coolant velocity range
than that used in this study. Therefore, the correlation for this HEATEX element may
not be valid for the finned tube over the range of coolant velocities used here. This area
neceds to be studied further, perhaps even to gathering new experimental data which can
be used to develop a new correlation. _

The degree of inundation can be seen in Figure 83, Figure 84, Figure 85 and
Figure 86. The data for the average vapor-side heat transfer coefficient for both
HEATEX as well as tape inserts lie between the Nusselt and Kern models. This is al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>